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Chapter I  
1.1 Outline 
Stressors such as overpopulation, incessant increasing water demand, scarcity of resources, 
and the climate change impacts have led to a growing demand for management and 
alternative water supplies. With the unplanned water usage, the situation of water industry 
has worsen, accompanied by the water pollution. Efforts have been made by the 
implementation of rules and regulations for the water protection but a paradigm shift is now 
required in recognizing wastewater as a resource (in terms of water and also nutrient for 
agricultural use) whose effective management is essential for future water security.  
The world’s water and sanitation challenges are by no means insurmountable. Water quality 
has deteriorated in most receiving bodies as a result of uncontrolled discharge of wastewater. 
From this standpoint, it is imperative to treat and reuse the wastewater in many countries. At 
the global level, wastewater treatment is the key solution to battle the water crisis. The main  
objective of wastewater treatment is generally to allow domestic as well as industrial 
effluents to be discharged without any danger to living beings or effect on the natural 
environment. 
In this advent, as an effort to solve this problem, a team of Professor Harada and his 
colleagues developed the integrated system of UASB-DHS in Nagaoka Sewage treatment 
plant entirely targeting developing countries. Since its launch in India for a decade, the 
overall sustainability of this combined system was conducted and with no doubt it 
outperformed the other sewage technologies in India. However, with due course of time, the 
studies on the various facets of wastewater treatment were carried out. It was observed that 
the effluent from UASB-DHS system was not meeting nutrients and pathogen discharge 
standards. A wastewater treatment system is considered complete if it can effectively treat 
organic matter, nutrients and pathogens in wastewater. For this purpose, we investigated two 
appropriate technologies and proposed anaerobic/anoxic sequencing batch reactor (A2SBR) 
for nutrient removal and a novel system Slow sponge sand filter (SpSF) along with 
conventional Slow sand filter (SSF) for pathogens removal. Besides,  the optimum conditions 
required to operate A2SBR  and microbial activity in the biofilms of sand filters were also 
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studied. Fig.1.1 shows the overview of thesis organization. This thesis summarizes the 
findings of research on potential post treatment units for UASB-DHS system.  
 
 
Fig.1.1. Overview of the thesis organization 
1.2  Objectives  
There are innumerable literatures those advocates the advantages and disadvantages of using 
different treatment processes but still the solution to the persisting water problems have not 
been addressed. Many wastewater treatment technologies are mushrooming up but the 
selection of appropriate wastewater treatment for a certain area is a daunting task especially 
in developing countries. Considering the affordability of developing countries, sustainable 
treatment technologies are attractive options. Therefore, the primary objective of this study 
was to assess the sustainability of UASB-DHS by comparing the other full scale existing 
technologies in India. On the other hand, the treatment objectives should go hand in hand 
with the water quality objectives or standards established by the state, region or regulatory 
authorities.With the fluctuating regulations and more stringent discharge standards, 
upgrading, optimization or addition of other advanced systems are required. For developing 
Sustainable assessment and investigation of the appropriate post treatment 
units for UASB-DHS  system  
Sustainability assessment of UASB-DHS and other technologies in India   
(Chapter III ) 
Review on concept of sustainability  
(Chapter II) 
Stringent discharge standards compel the further treatment for nutrients and 
pathogen removal     
Review on biological nutrient and pathogen 
removal technologies (Chapter IV) 
  Pathogen quantification of DHS system and 
comparison with Activated Sludge System 
(Chapter VI) 
ç 
Performance investigation of the combined 
system UASB -DHS - A2SBR 
(Chapter V) 
Performance investigation of the combined 
UASB-DHS- SpSF  
(Chapter VII) 
ç 
PART-1 
PART-2 
Summary and recommendations (Chapter VIII) 
Outline and Objectives (Chapter I)  
ç 
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countries, where the emphasis is put on the organic removal UASB-DHS is the most suitable 
and sustainable system. However, the nutrients and pathogen removal capacity has been 
moderate. Therefore, we attempted to find the most appropriate post treatment system for 
UASB-DHS system by employing A2SBR. UASB-DHS system was combined with  pilot 
scale A2SBR for nutrient removal as well as experiments were conducted for pilot scale 
assembly of slow sand filters (SSF and SpSF) to check the efficiency of pathogen removal. 
Further, the present study focuses on the performance enhancement of DHS system which 
can be elaborated by the following aims; 
 
Ø To assess and compare the sustainability of UASB-DHS system with other widely 
used technologies in India to validate its establishment and appropriateness for 
developing countries.  
Ø To evaluate the performance of A2SBR as a tertiary treatment unit for nutrient 
removal from municipal wastewater. 
Ø To monitor the presence of different kinds of pathogens in the combined system of  
UASB-DHS. 
Ø To evaluate the appropriate SSF for pathogen removal as a post-treatment of UASB-
DHS system. 
 
However, in the broad term, the main goal of this research is to develop a sustainable sewage 
treatment system for developing countries by finding the best match for UASB-DHS system 
as post treatment units. Since, UASB-DHS is a proven technology, this work emphasized 
more on its sustainability aspect as well as post treatment units which can enhance its overall 
performance and showcase it as a holistic treatment alternative for developing countries. 
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Chapter II 
 LITERATURE REVIEW (PART - 1) 
2. Statement of problem 
The report by WRI (2013) projected that 36 countries are severely facing water stress at 
present. More than 80 percent of the water available to different sector users is withdrawn 
annually communities vulnerable to scarcity of water. Also, UN has reported that the annual 
amount of wastewater produced is about 1500 km3, six times more water than exists in all the 
rivers of the world (UN WWAP, 2003). If this trend continues, then it is inevitable that 
people would be fighting for water in near future (WWR, 2009). Not only lack of water but 
also the water born diseases due to poor sanitation has become the biggest threat. The access 
to reliable, sustainable, and affordable water supply and sanitation service is lagging behind.  
 
The increasing irregular weather patterns and natural disasters have exacerbated the 
wastewater situation in the whole world. Whether its America or Asia, all regions of the 
world are grappling with improper wastewater management. This is a burgeoning on problem 
even in relatively wealthy, developed countries. But in developing countries that has the 
scarcity of basic infrastructure, financial resources combine with rapid urbanization and 
increased industrialization , the situation is more crucial. It is reported that 2.5 billion people 
worldwide live without improved sanitation. Out of 70% of these people lacking sanitation, 
1.8 billion people live in Asia (UNICEF WHO 2008). In most parts of the world, but 
particularly in developing countries, there is a huge need of wastewater treatment, and the 
water to meet these needs is not adequate. 
 
The wastewater generated by a community is called “sewage,” which is a mixture of 
domestic wastewater, industrial wastewater (where the industry is discharging its wastewater 
in the same sewage system) and rain water, (where a single sewer systems exists for the 
wastewater and storm water (Van Haandel and Lettinga, 1994). Wastewater requires 
treatment to remove pollutants prior to discharge in the environment. The combination of unit 
operations (physical forces) and unit processes (chemical and biological reactions) for 
removing the load of the pollutants in the wastewater are called wastewater treatment plants 
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(WWTPs). Wastewater Treatment Plant is designed to receive the waste from all pollution 
sources and to remove materials that damage water quality without compromising public 
health and safety (Metcalf and Eddy, 2003). Usually, wastewater treatment plants comprises 
of preliminary, primary, advanced primary, secondary and advanced nutrient and disinfection 
systems (Metcalf and Eddy, 2003). From 1900s, the most commonly applied treatment 
method is Activated Sludge Process (ASP). Thereafter, many technologies have come into 
existence targeting the specific pollutant removal from the wastewater. However, with the 
rapid population growth, haphazard urbanization and uneven distribution of water resources 
system, they are not able to withstand the uprising demands (Tandukar et al., 2007). 
 
Wastewater treatment for any country, region or place is largely affected by its economic 
from the level of social and educational conditions. While in developing countries, low 
preference is given to sewage treatment facilites as the benefits are not directly perceivable 
economical significance is not immediate. Moreover, the emphasis should be put on the 
sustainable development of appropriate WWTP for developing countries. The concept of 
appropriate technology was termed by famous E. F. Schumacher, a British economist, in his 
book Small Is Beautiful (Schumacher, 1973). The term appropriate technology is the 
implementation of technology and engineering that result in less negative impacts on the 
environment and society, i.e., technology should be both environmentally sustainable and 
socially appropriate. The definition of appropriate technology suggests that it is a strategy 
that develops potential in men and women to improve their economic situation by meeting all 
basic needs by utilizing the resources in their vincinity (Murphy et al., 2009). A highly 
mechanized technology will be appropriate depending on the local people technological 
know-hows and resouces availability in that area. Furthermore, role of ‘affordability’ is also 
important, which marginalizes the types of treatment systems appropriate for a particular 
community. Pertaining to the development of appropriate WWTPs the following issues must 
be addressed well. Duncan and Mara (2003) suggested to incorporate the following factors 
for the appropriate treatment plant for developing nations. 
§ low cost  
§ operation and maintenance simplicity 
§ least energy requirement , peerably zero  
§ least amount of chemical uses for disinfection and operation 
§ high performance meeting the dicharge standards 
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§ less sludge production. 
2.1 Concept of sustainability  
In an era with the tremendous rise in poverty, diseases and reduced sanitation problems  there 
is growing concern of the environmental management strategies impacts which therefore urge 
to develop more environmentally friendly, economically feasible and balanced. The concept 
of sustainability of wastewater treatment plants is based on the observation that economy, 
environment and well- being can no longer be separated. This chapter provides a critical 
review of literature on the sustainability of wastewater treatment plants. As far as the 
meaning of sustainability is concerned, the World Commission on Environment and 
Development (WCED, 1987) quoted “sustainable development is the development that meets 
the needs of the present generation without compromising the ability of future generations to 
meet their own needs”. The fundamental principle behind this definition is to accept that all 
human individuals have equal rights, whether living today or in future. Therefore, 
sustainability can and will be interpreted differently by different people, evoking the critique 
that the term sustainability could mean almost anything (Mitcham, 1995). However, the room 
left for interpretation proves to be valuable as ideas about sustainability are to be discussed 
over time and place, since this topic is subjective depending upon places and circumstances 
where it has been carried out. For the present situation, there is the upmost need of 
sustainable development in the water industry too. For developing countries, sustainable 
technology adoption can mean a lot in terms of economic gains, health and environmental 
improvement. However, the challenge in wastewater management is the selection of the best 
available technology for the particular wastewater treatment at a particular site.  
 
2.2 Sustainable wastewater treatment system  
A sustainable wastewater treatment system is compatible and readily adaptable to natural, 
economic, technical and social environment, that offers a possibility for further development. 
Sustainability dimension adds the long-term and global view. To assess the sustainability of a 
system, various dimensions based on the long term and global views have to be considered in 
the assessment. No perfect sustainable solution exists for a given problem as it is highly 
contextual and site specific. Every solution has to be considered based on it site specificity 
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and therefore a diversity of sustainable solutions are available. This holds true for the 
wastewater treatment systems as they differ in their treatment goals, performance levels and 
technological scope in any given point of time and place. However, their main goal is to 
reduce the pollution loads into the environment and therefore is designed to meet these 
objectives. There are several interpretations of sustainability of wastewater treatment plants 
(WWTPs) and its implementation in wastewater industry have been recognized as an 
imperative need to assist decision makers to tailor  treatment plants for specific areas (Hoibye 
et al., 2008). However, it should always incorporate the three main pillars of sustainability 
(economic, environmental and societal) for complete assessment (Muga and Mihelcic, 2008). 
2.3  Sustainability Assessment Tools in India 
The framework for sustainability assessment has been proposed by Ness et al., 2007 
(Fig.2.1). It consists of three general categorization areas; these areas are  
1) indicators divided into non-integrated and integrated,  
2) assessment tools for product  
3) integrated assessment tools for changes in policies. 
 
Our aim of WWTPs assessment is to analyze the state of economic, social and environmental 
status of some chosen WWTPs technologies in India, we chose to do our assessment based in 
the indicator approach. The reason for the selection for this tool is  that indicators are 
continuously measured and calculated and allow for the tracking of longer-term sustainability 
trends from a retrospective point of view. However, depending on the objective of study 
many authors have evaluated the sustainability of WWTPs in India using various assessment 
tools. Till this date, the notable studies on Indian contexts are economic analysis (Sato et al., 
2007), energy analysis (Singh et al., 2012), cost benefit analysis for grey water (Godfrey et 
al., 2009), multiple attribute decision making ( Kalbar et al., 2012), life cycle assessment 
(Kalbar et al., 2013) and so on. These tools have their own merits and demerits and are highly 
contextual and specific to their goals.  
 
In the study by Sato et al. (2007), the economic evaluation of UASB and WSP was done 
using the relationship of capital cost and O& M costs according to the size of the plant. It 
compared UASB and WSP systems with the conventional activated sludge process (ASP) 
and biological aerated filter (BAF) systems considering total annual cost and chemical 
 21 
oxygen demand (COD) removal cost. The relationship between capital and O&M costs per 
unit size of a UASB or WSP system and its treatment capacity was established by a first-
order equation. The outcome for the relation between the cost of organic removal and capital 
or O&M cost for STPs in India at various annual interest rates showed that for the Indian 
context, UASB could be good solution for wastewater problems. 
 
Performance evaluation of WWTPs was done by Sundersan et al. (2008) for the aerobic 
biological systems for the treatment of domestic wastewater at low temperature in Madras, 
south India. The systems chosen for this study were ASP, fluidized bed reactor and 
submerged bed reactor. The results indicated that COD removal efficiency of submerged bed 
reactor was more robust and efficient as compared to activated sludge and fluidized bed 
reactors at low temperature regions.  
 
The other study by Singh et al. (2012) was based on the energy pattern analysis of wastewater 
treatment plant. This paper presents a methodological framework for analyzing the various 
aspects affecting small-scaled WWTP.  After the intensive study in an institutional area, it is 
reported that electrical energy is only about half of the total energy consumption.  
 
Similarly, Kalbar et al. (2012) presented the scenario based multiple attribute decision 
making study of four most commonly used wastewater treatment technologies for treatment 
of wastewater namely ASP, Sequencing Batch reactor (SBR) , UASB with Falcutative 
aerobic Lagoon and Constructed Wetland (CW). Six scenarios were developed that captured 
the priorities from regional and social point of view and converted them to mathematical 
algorithm of the multi attribute decision making methodology. The results suggested that 
there is no perfect technology that will satisfy all of the requirements of the various scenarios.  
 
The above mentioned literary facts clearly shows that so far there are no studies that shows 
and validate the sustainability of a particular technology including three major pillars of 
sustainability viz., societal, economical and environmental for the Indian wastewater 
treatment context. Therefore, for the first time we have attempted to assess the sustainability 
of UASB-DHS system and compare it with the WWTP operating in India. 
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2.4 Dimensions of sustainability  
The performance studies on environmental concerns consider various dimensions to each of 
the three kinds of sustainability viz. economic, social and socio-economic. This section 
delineates their definitions and dimensions.  
 
A.  Economic Sustainability 
Economic sustainability implies paying for itself, with costs not exceeding benefits. Mainly 
focusing on increasing human well-being, through optimal allocation and distribution of 
 
 
Fig. 2.1. Overview of framework for sustainability assessment tools. The arrow on the top shows the temporal 
focus, which is either retrospective (indicators), prospective (integrated assessment or both (product-related 
assessment. The monetary valuation tools on the bottom are used when monetary valuations are needed in the 
above tools (Source Ness et al., 2007). 
 
scarce resources, to meet and satisfy human needs. This approach should, in principle,          
include all resources: also those associated with social and environmental values (e.g. in 
environmental economics). However, in practice most analyses include only the financial 
costs and benefits. Economic indicators represent the costs incurred during  construction and 
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the operation of the WWTPs. The two most commonly used indicators are investment costs 
and operation and maintainence (O&M) costs. While taking the account of investment cost, 
the life span of technology need to considered. Many factors like  capital costs, O&M costs, 
and area covered are involved in the decision-making process. It is also important to develop 
choose an appropriate tool for decision making. 
 
B. Environmental Sustainability  
The long-term viability of the natural environment should be maintained to support long-term 
development by supplying resources and taking up emissions. This should result in protection 
and efficient utilization of environmental resources. Environmental sustainability refers to the 
ability of the functions of the environment to sustain the human ways of life. The latter 
mainly depends upon the ethical basis: to what extent should policies be anthropocentric and 
to what extent does nature have endogenous qualities. Environmental indicators refer to the 
performance efficiency of the WWT technology. The performance is based on  the 
conventional water quality constituents realted to WWTPs such as organic matter, suspended 
solids (SS), nitrogen (N) and phosphorus (P) and other parameters depending on the need of 
study. Apart from these potential water use and recovery recover has also been widely 
considered. However, in India still many WWTP are operated with the target to remove 
organic matter, nutrients have not been listed in the environmental factor assessment. 
Besides, sewage sludge is also important environmental aspect which  by-product inevitably 
generated in WWTPs, the management of which is one of the most complex problems facing 
the WWT industry (Metcalf and Eddy, 2004).  
 
C. Societal Sustainability  
Addressing societal issues are one of the pre- requisites of sustainable WWTP. A sustainable 
system for WWT should meet all the requirements of society (McDougall et al., 2007). Most 
of wastewater related studies often miss the social factors (Manandhar et al., 2013). Few 
studies have been done on societal sustainability assessment of WWTP as it is not given 
much importance in developing countries, because of lack os social awareness.  In order to  
develop social aspects criteria for developing identification of stakeholders are very 
important (Manik and Halog, 2013) and  interpretation and assessment methodology would 
be more informative (Benoit et al., 2010).  
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This approach is based on the socia factors that influence the effectiveness of treatment 
plants. The common indicators used for societal sustainability are aesthetics such as noise 
and the nuisance due to odor which is typically a health issue that triggers health realted 
issues in a community (Muga and Mihelcic, 2008). The other factor is the perception and 
preference of the public for the choosing a particular technology, which is important to favor 
integration with local community, and can increase the opportunities for the plant to work 
(Muga and Mihelcic, 2008). Other indicators are Institutional requirements, expertise and 
stimulation of sustainable behavior. 
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CHAPTER III 
 
COMPARATIVE SUSTAINABILITY ASSESSMENT OF UASB-DHS SYSTEM AND 
OTHER SEWAGE TREATMENT PLANTS IN INDIA 
3.  Introduction 
The challenge of choosing suitable wastewater treatment more evident  in a giant nation like 
India than other developing countries. In the next two decades alone, 1.2 billion will be living 
in Indian cities (World Sustainable development Forum, 2015). Moreover, only 70 % of the 
sewage treatment plants (STPs) are functional which treat only 50 % of the effluent, (DPCC 
2011). Central Pollution Control Board (2006) studies show that there are 269 sewage 
treatment plants (STPs) in India, and just 21 per cent of the existing treatment are functional. 
The remaining untreated sewage is the main cause of pollution of water bodies. 
 
Keeping this in mind, the government of India emphasized on one of the most significant 
river in India called Yamuna river. The river Yamuna, a major tributary of river Ganga, 
originates from the Yamnotri Glacier near Banderpunch peaks in the Mussorie range of lower 
Himalayas at an elevation of about 6320 meter above mean sea level in the district of Uttar 
Kashi (Uttrakhand). River Yamuna in Delhi stretch receives wastewater from 17 drains 
between Wazirabad to Okhla. Additionally, the river is also vitiated by the 23 major drains 19 
major drains fall directly into river and 4 through Agra and Gurgaon canal) carrying vast 
quantity of domestic and industrial sewage discharge directly into the river. Drains carry 
treated/untreated wastewater comprising of sewage and industrial effluent from different 
clusters of Delhi. However, this river forms an integral component of water supply source for 
the state of Delhi contributing around 94 % for irrigation, 4 % toward domestic water supply, 
and 2% for industrial and other uses, respectively (CPCB 2006). In order to tackle this water 
pollution problem, the government of India employed several technologies under Yamuna 
Action Project (YAP). YAP is a bilateral project between the Government of India and Japan. 
It is one of the largest river restoration projects being run in India. With the need for 
prevention of pollution of its rivers and preserving natural resources, Government of India 
had initiated YAP in 1993. Ever since, many towns and cities have been identified under this 
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plan by the National River Conservation Directorate under the Ministry of Environment & 
Forests (MoEF), Government of India. The first phase of the YAP was formulated on the 
basis of a study conducted by the Japan Bank for International Cooperation (JBIC). In that 
study it included Delhi, eight towns of Uttar Pradesh, and six towns of Haryana. 
Unfortunately, YAP was unable to address the problems  associated with the Yamuna river 
protection, particularly in the 22 km Delhi stretch. It was later tracked that there were many 
other stretches which were adding the pollutants in the Yamuna river which extended to the 
establishment of YAP–II. Under the Yamuna Action Plan II, the most critical stretches of 
Yamuna have been taken into consideration, especially the Delhi stretch, where the city 
dumps more than 58% of the total sewage it generates (CPCB, 2006).  
 
Toward that end, various types of treatment technologies had been constructed with the main 
emphasis being placed on constructing sewage treatment plants to improve the quality of 
water. In India, ASP requires high investment, energy, and maintenance costs resulting in the 
difficulty in the implementation of water pollution abatement methods (Sato et al., 2006, 
2007).  
 
In India, UASB process is adopted for domestic wastewater and 80% of total UASB reactors 
worldwide are existing in  India ( Khalil et al., 2008). The reason for this boom f UASB in 
India was the less capital costs, energy requirements,and O&M costs (Sato et al., 2006). 
However, UASB alone cannot treat the sewage effectively. With the aim to meet the 
discharge standard various post treatment systems were proposed for UASB, final polishing 
unit (FPU) being most common were implemented (Khan et al., 2011). Despite the best 
intentions the selected STP’s falls into disuse or even go defunct due to various 
insurmountable problems like high power consumption, land requirements, specialized 
manpower and machinery requirements, high O & M and long term sustainability issues.  
 
Eventually, UASB alone was insufficient for meeting the effluent discharge standards (Sato 
et al., 2007, Okubo et al., 2015). The study will also give a clear picture of the present state of 
the STP’s with regards to their performance, energy consumptions and environmental 
impacts. Khan et al (2011) proposed that UASB system followed by an aerobic system can be 
a good option for environment protection in a decentralized sanitation field. 
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Natural wastewater treatment systems (NTSs) are also successfully applied in India 
(Arceivala and Asolekar, 2007). The most widely operated systems are both aerobic and 
anaerobic, highly mechanized to not highly mechanized, including trickling filters (TF) and 
biotowers, aerated lagoons, sequential batch reactor (SBR), upflow anaerobic sludge blanket 
(UASB) reactors, rotating biological contactors (RBC) and others (Metcalf and Eddy, 2003). 
On going studies and development of many advanced treatment systems have provided huge 
collection of choices for watewater treatment.  
 
 Meanwhile, Professor Harada and his colleagues have developed a new aerobic, post-
treatment process for UASB based on the principle of trickling filter referred to as a down-
flow hanging sponge (DHS) system (Tandukar et al., 2007; Onodera et al., 2014). As a result 
of their pioneering study, a full-scale 0.5 MLD DHS reactor was successfully installed as a 
post treatment of UASB in Karnal. The concept of the DHS is based on the conventional 
trickling filter (TF). The sponge module is made up of series of polyethelyene sponge media 
randomly packed in the vertical reactor. The UASB effluent which is sent to the top of the 
DHS reactor, trickles down through the sponge module where extensive contact occurs 
between the wastewater and the retained biomass and removes the organic load. No external 
aeration is required for the operation of the DHS since the wastewater is naturally aerated as 
it flows through the DHS reactor. It showed outstanding performance for organic removal 
with less energy consumption and sludge production in comparison to other systems (Okubo 
et al., 2015, Onodera et al., 2016). The land required for it is about one tenth of a final 
polishing pond at the same site (Tandukar et al., 2007). The system generates biogas which 
can be used as an energy source and the performance of the plant effluent of DHS showed 
good performance with BOD of around 10 mg/l, SS of 10 mg/l and fecal coliform of around 
3000 (Tandukar et al., 2006). Besides, the requirement for maintenance and human resource 
for plant operation is also very low which makes it all the more an attractive option for a 
sewage treatment plant (STPs).  
 
Recently, an upgraded 5 MLD DHS reactor was installed in Agra city of India as a post 
treatment of UASB. This full-scale plant is in operation for one year and continuous technical 
and operational performance is being investigated. Till this date, there have been several 
literatures on the performance evaluation of DHS system (Tandukar et al., 2006, Mohmaud et 
al., 2011, Onodera et al., 2014). Despite being compact, energy efficient system (Tawfik , 
 29 
Tandukar et al., 2007) there are no factual studies which shows UASB-DHS system as a 
sustainable treatment system. In order to validate DHS reactor as a suitable and sustainable 
option for India, sustainability assessment was thought necessary. Lacking a comprehensive 
picture of the present existing STP’s about its performance it has become a necessity for this 
study. Before further STP’s are to be constructed, it is important to arrive at the decision after 
carefully studying all the points of concern. This study will address such questions and also 
benefit the future decision makers in choosing the right technology for their states through 
the concept of sustainability.  
3.1 Methodology 
In this chapter the methods followed for the study are elaborated. For achieving the 
objectives of the study, the work was planned on the following elements: 
Ø  Study area  
Ø Data collection methodology 
Ø Analytical methods 
3.1.1 Study area 
There are 269 treatment plants existing in India for sewage wastewater treatment. Out of this, 
the most widely operated technologies were chosen. For this study, seven different treatment 
systems including DHS were selected along the Yamuna river. Selection of STPs were based 
on flourishing technologies in India. The brief details of selected STPs are shown in the 
Table 3.1. Visits were made to STPs in Haryana, Delhi, Agra and Bangalore for primary data 
collection. The functional unit for this assessment is flow rate measured in million litres per 
day (MLD) for the quantitative aspects and rest are treated as qualitative subjective to the 
opinions of the decision makers. Sites were visited in the dry and wet seasons to check the 
efficiency of the plants in different seasons. Dry season survey was carried out in July and 
wet season survey was done in November.  
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Table 3.1 List of selected treatment plants, their respective capacities and locations in India 
 
 
The brief details and the process flow of the visited plants are as follows; 
 
1. DHS : After a successful implementation of 0.5 MLD DHS reactor in Karnal, an upgraded 
plant of 5 MLD was constructed in the premise of 78 MLD Dhandupura STP commissioned 
in 2014 under Uttar Pradesh Jal Nigam (Fig. 3.1). Out of 78 MLD, only 5 MLD of UASB 
effluent was fed into the full scale DHS reactor. The DHS is a concrete cylinder tower with 
the height of 2m and diameter of 16m. It employed third and fourth generation of random 
packing hybrid sponge media. The total volume of the sponge was 256 m3, which was 
equivalent to 64% of the tower volume (Harada, 2014). The DHS reactor was operated at 
HRT of 1.2 h based on sponge volume. Considering the core aim of this study, DHS reactor 
has been taken as the baseline technology and compared against all other technologies. 
Preliminary investigations were carried out to check the performance and O&M status of 
other technologies for comparison. 
 
Technology Process  Type 
Capacity 
(MLD) 
O & M Agency/
Name Location 
Operation 
started (~ 
Present) 
 1.      UASB-DHS Anaerobic+Aerobic 5  
UPJN, 78 MLD 
Dhandhupura STP Agra, UP 2000 
 2.      UASB-FPU Anaerobic+Aerobic 78  
UPJN, 78 MLD 
Dhandhupura STP Agra, UP 2014 
 3.      UASB-EASP Anaerobic+Aerobic 24 UPJN, 24MLD STP Agra, UP 2013 
 4.     EASP Aerobic 10 DJB, Vasant Kunj STP Delhi 1989 
 5.      MBBR  Aerobic 10  Haryana Urban Development  Authority  
Bhiwani, 
Haryana 2012 
 6.      SBR  Aerobic 27  Uttarakhand Jal Nigam  Haridwar, Uttarakhand 2010 
 7.     Biofilter 
(Trickling   Filter) Aerobic 180  
BWSSB, Bangalore 
Vrishabhavathi STP Bangalore 1974 
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Fig. 3.1. Schematic diagram of UASB-DHS system in Dhandupura, Agra  (Source: Design Guideline on   
UASB-DHS system, Tohoku University , 2015) 
 
I. EASP: As a modification of conventional ASP, EASP is regarded as economically better 
treatment option in India (Pirsaheb et al., 2014). Due to its advantage on sludge handling and 
better treatment capability than conventional system, EASP with its celerity market in India 
is grasping a huge attention. For our study, 10 MLD Extended aeration in Vasant Kunj, Delhi 
was chosen. This STP was constructed in the year 1989. It comprised of mechanical screens 
and 8 aeration tanks. The final effluent of the plant was reused for irrigation, Appendix 1, I) 
 
II. UASB-FPU and UASB-EASP: UASB reactors are the most widely operated anaerobic 
treatment technology in India (Uemura and Harada, 2000). Since UASB alone cannot 
produce the desirable discharge standard, many post treatments have been proposed (Sato et 
al., 2006, Khan et al., 2011). The most commonly used post treatment technologies under 
operation for UASB are FPU and EASP ( Kalbar et al., 2006). For this study, we have chosen 
both FPU and EASP in Agra. The sampling was done in 78 MLD STP based on UASB-FPU 
technology at Dhandupura, Agra STP. It was constructed in 2000 under Yamuna action plan 
phase one and was commissioned in the year 2001. It received sewage pumped from main 
sewage pumping station located at Khairati Tola. The sewage was first treated by mechanical 
screening and grit removal mechanisms followed by six UASB reactors each of 13 MLD 
capacities and three FPU ponds as secondary treatment unit. The digested sludge from UASB 
is dried in Sludge drying beds and were sold for agriculture. On the other hand, 24 MLD 
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UASB followed by EASP STP at Dhandupura, Agra was constructed and commissioned in 
the year 2013 under Jawarlal Nehru Funding Project. The sewage to this STP is mainly 
domestic wastewater coming through open drains and pumped from main sewage pumping 
station located at “Mewati nagla”. This STP has mechanical and manual screens, grit 
separators, grit classifiers, followed by six UASBs. The effluent from UASB reactor was 
treated in four aerations tanks and then two clarifiers and finally disinfected in the chlorine 
contact tank with dosing rate of 2 ppm of chlorine gas.(Appendix 1, II) 
 
III. MBBR: A 10 MLD MBBR Technology based STP at Bhiwani, Haryana was constructed in 
the year 2012 and was commissioned in the year 2013. The treatment plant was designed for 
average flow 10 MLD and peak flow 22.5 MLD. The STP comprised of coarse screens, fine 
screens, grit chamber, two MBBR tanks and two secondary clarifiers. Unfortunately, the final 
effluent was discharged to the nalla due to the construction issues. (Appendix 1 , III) 
 
IV. SBR: SBR technology is one of the most widely operated technologies in many parts of India 
(Kalbar et al., 2006). A 27 MLD SBR Technology based STP at Haridwar, Uttrakhand was 
constructed in the year 2010 and was commissioned in the year 2013. The STP included 
coarse sand fine screens, two grit chambers, two primary clarifiers and 4 SBR Basins. The 
chlorination unit is existing but dysfunctional. Similar to MBBR, this plant was also over 
utilized and the surplus sewage was bypassed along with the final effluent. (Appendix 1, IV) 
 
V. Trickling Filter: The STP located in Vrishabhavathi valley was visited. This system is based 
on “Conventional two stage Trickling filter”. Trickling filters consisted of randomly packed 
gravels and rocks. The primary treatment components are two coarse screens, two grit 
chambers, five primary clarifiers, two primary trickling filters. Similarly, secondary treatment 
components are five secondary clarifiers, two secondary trickling filters. The sludge 
withdrawn from the different units is collected in sludge-wet wells and automatically pumped 
to sludge drying beds bed. The dried sludge is then collected and used in the fields as 
fertilizers. (Appendix 1, V) 
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3.1.2 Data collection methodology 
Data were collected by two ways: 
a) Onsite data collection by using the portable devices – Most of the operational and technical 
data such as quantity of waste-water treated per day, electricity consumption from major 
treatment units and quantity of excess sludge produced were obtained by using the Strap on 
type ultrasonic flow meter, clamp on type power analyzer etc. for instantaneous data  reading. 
Despite our previous efforts to collect these data by ourselves, due to the reluctant staffs and 
their confidential issues, we failed to obtain the data. Therefore, this time the task was 
completely handled by the local consultant hired for economic costs and technical data 
collection. 
b) Interview with the stakeholders using questionnaire – Rest of the management and social 
related questions were obtained from the local stakeholders, staffs of the concerned plants 
and  official record books.  
3.1.3 Analytical methods  
a. Parameters and sampling for performance data  
The importance of the parameters selection for performance evaluation depends on the level 
of final effluent quality. It should be treated to meet the discharge standards. In India, treated 
sewage is often used for irrigation purposes or simply discharged into rivers. National River 
Conservation Directorate (NRCD) of India’s Ministry of Environment and Forests has 
established effluent standard parameters with priority placed for the removal of organic 
matter (TSS, BOD and COD) (Khan et al., 2001; Foundation for Green tech Environmental 
Systems, 2004).The data for performance appraisal was obtained by comparing the 
concentrations of pollutants at the inlet and outlet of the treatment systems. On field grab 
samples were collected at the inlet, associated parts and outlet of all the treatment units and 
then analyzed in Agra  Laboratory situated in Agra. The physical parameters like pH, ORP, 
temperature and DO were measured in-situ while other parameters like BOD, COD, TSS etc. 
were analyzed as outlined in the standard methods for the examination of water and 
wastewater. The analysis for parameters adopted for this study will be carried out as per the 
accepted standard methods for wastewater examination standards APHA (2004) and 
wherever necessary Japanese sewerage works manual standards (1997) were applied. 
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b. Selection of the Sustainability indicators  
Sustainability assessment tools requires indicators. Indicators are defined as the simple 
quantitative measures refering to the economic, social and environmental development of 
defined location or country. Harger and Meyer (1996) suggested few characteristics to be 
considered while selcting indicators . These are simplicity to quantify, allow trends to be 
determined, sensitivity to change, and trend tracking. Moreover, to select an indicator as 
appropriate for assessing sustainability, it should be widely acknowledged by scientific 
criteria, transparent, representative, relevant and quantifiable (Balkema et al., 2002; Nardo et 
al., 2005 ). The set of selected indicators are as presented in Table 3.2. 
 
c. Calculation of composite indicators  
Composite indicators are an innovative approach for determination of sustainability of the 
WWTPs. Indicators are very useful in focusing attention simplifying the solutions to the 
problems (Atkinson et al., 1997). Indicators helps in  the evaluation of a multitude of aspects 
which could be converted to a single comparable index. The steps given below are followed 
as suggested by Molinos et al.(2014). 
 
 
Step I : Selection of the indicators  
 
 We have attempted to measure the sustainability of UASB-DHS as well as compare it with 
other popular technologies in India. So far, there have been many studies which lacks the 
holistic sustainability assessment. Therefore decision of the indicators and sub-indicator is 
the prime step. The first step in obtaining a suitable indicator for WWT technologies was to 
identify the positive and negative indicators of the concerned study. Positive indicators refres 
to those for which a higher value signifies an improvement in the sustainability of the 
technology, e.g. pollutant removal efficiency. While negative indicators refers to those where 
higher value implies a worsening in the sustainability of technology, e.g. power consumed 
per cubic meter of treated water. The purpose for selecting the tabulated indicators is given in 
Appendix 2. 
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Step II: Normalizing and weighting of the indicators  
 
 Many methods for normalizing and weighting the indicators and sub indicators are reported 
in the literatures. The appropriate method selection rely on the type of data and analyzer and 
analysts .  
 
 
Table 3.2  Set of  indicators chosen in the study for assessing sustainability of wastewater treatment 
technologies 
 
The indicators shown in the table 3.2 are normalized by the scoring criteria provided in Table 
3.3. Scoring criteria table was prepared by classifying the obtained data in the risk scale of 1 
to 5 with same interval of 5. The maximum value 5 referring to the least risk for positive 
indicators whereas the minimum value 1 referring to the highest risk for the negative 
indicators. 
 
On the other hand, for weightage attribute different methods of aggregation are principal 
components analysis, multiple linear regression models, factor analysis, neutralization of 
correlation effect, public opinion, and analytic hierarchy process (Nardo et al., 2005). We 
applied AHP methodology considering environmental, societal and economic for assessing 
the sustainability of the chosen WWTPs. AHP has been recommended as one of the methods 
Dimension Indicator Sub-indicator Unit of measure 
Economic Investment cost Per MLD Cost INR (in Million)/MLD
Lifecycle Cost INR (in Million)/MLD・year
Operation and Maintenance CostsP wer Consumption INR  (in Million)/MLD/month
Manpower INR  (in Million)/MLD/month
Chemical Cost INR  (in Million)/MLD/month
Other Consumable+ Repair Cost INR  (in Million)/MLD/month
Environmental Present Foot Print Area m2/MLD
Performance TSS %  Load Removal
BOD %  Load Removal
Sewage Sludge Production Dry Quantity ton/year/MLD
Chemical Dose Quantity type/name (ton/year)
Societal Simplicity Staffing required to operate plant number/ MLD
Aesthetics Noise and Odor Based on survey questionnaire
Community Population acceptance Based on survey questionnaire
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for group decision-making (Ramanathan and Ganesh, 1994; Honert and Lootsma, 1996; 
Barzilai et al., 1987).  
 
In particular, the advantages of AHP to establish weights are its ability to check 
inconsistencies, its flexibility and the possibility of recognizing importance (Loghmanpoor et 
al., 2013). Hence, in this study, the AHP technique was used to assign weights to each chosen 
indicators. The sustainability dimensions are compared in pairs to assess the relative 
importance. 
 
Table 3.3 Score criteria table for normalization of obtained data 
 
                   (Source : NJS, 2016) 
 
The basic scale proposed by Saaty (1980) was used to assess the degree of preference 
between criterias. The preferences for economic, social and environmental issues were 
investigated. For example, if the environmental and social dimensions of sustainability are 
compared, a value of 1 showing that they are of equal importance, whereas a value of 9 
indicates that social issues rather than environmental are of absolute importance in the 
assessment. After that, the preferences for the different indicators within each sustainability 
 
Items 
 Risk small (Better)  ←   Risk Rank   →Risk large (Worse)  
5 4 3 2 1 
Capital Cost   
1.1  
Per MLD Cost 
(INR in Million)/MLD) 
5.2<X≤7 7<X≤9 9<X≤11 11<X≤13 13<X≤15 
 
1.2  
Lifecycle Cost 
(INR in Million/MLD
year) 
6.6<X≤10 10<X≤13 13<X≤16 16<X≤19 19<X≤22 
Present Foot 
Print  
 
2.1  
Area (m2/MLD) 522.1<X≤689 689<X≤856 856<X≤1023 1023<X≤1190 1190<X≤1357 
 
Performance  
 
3.1 
 BOD Load  (% Removal)  93<X≤102 84<X≤93 75<X≤84 66<X≤75 57.3<X≤66 
 
3.2  
 SS Load (% Removal)  95<X≤100 90<X≤95 85<X≤90 80<X≤85 75<X≤80 
 
3.3  
 T-N Load (% Removal)  69<X≤81 57<X≤69 45<X≤57 33<X≤45 21.4<X≤33 
 
3.4  
 F-Coli. (% in log 
Removal)  
1.93<X≤2.64 1.62<X≤1.93 1.31<X≤1.62 1<X≤1.31 0.7<X≤1 
 Sludge 
Production  
 
4.1  
Dry Quantity (ton/year) 8.1<X≤13 13<X≤19 19<X≤25 25<X≤31 31<X≤37 
 
4.2  
Chemical Dose Quantity 
(Type/name) (ton/year) 
Nil Chlorine Polymer Chlorine+Polymer Ferric 
Chloride+Lime+
Polymer 
 Simplicity   
5.1  
No. of Mechanical Equip. 
(No. per MLD) 
0.1<X≤0.48 0.48<X≤0.94 0.94<X≤1.4 1.4<X≤1.86 1.86<X≤2.32 
 
5.2  
No. of Skilled Manpower 
Required(No. per MLD) 
0.07<X≤0.19 0.19<X≤0.29 0.29<X≤0.39 0.39<X≤0.49 0.49<X≤0.6 
 O&M Cost   
6.1  
Power Consumption (INR 
in Million/MLD/month) 
0<X≤0.01 0.01<X≤0.02 0.02<X≤0.03 0.03<X≤0.04 0.04<X≤0.07 
 
6.2  
Manpower (INR in 
Million/MLD/month) 
0<X≤0.01 0.01<X≤0.014 0.014<X≤0.018 0.018<X≤0.022 0.022<X≤0.046 
 
6.3  
Chemical Cost (INR in 
Million/MLD/month) 
0<X≤0 0<X≤0.001 0.001<X≤0.002 0.002<X≤0.003 0.003<X≤0.007 
 
6.4  
Other Consumable+ 
Repair Cost (INR in 
Million/MLD/month) 
 0<X≤0.002   0.002<X≤0.004   0.004<X≤0.006   0.006<X≤0.008   0.008<X≤0.03  
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dimension were evaluated. Every set of comparisons was then put into a matrix then 
normalized to get the eigenvectors. The comparisons are carried out through the weighted 
attribute analysis after filling AHP questionnaires form from various stakeholders, the 
consistency verification is needed to guarantee the judgments are consistent. In doing so, the 
consistency ratio (CR) are calculated for each pairwise comparison. This is a measure of how 
a given matrix compares to a purely random matrix in terms of the consistency index (CI) 
(Bottero et al., 2011). If the value of Consistency Index is less than 0.15, the CI is acceptable. 
If the Consistency Index is greater than 0.15, we need to revise the subjective judgment. CI = λmax− nn− 1  
 Here, 
 n= size of comparison matrix λmax = Principal Eigen value (Principal Eigen value is obtained from the summation of 
products between each element of Eigen vector and the sum of columns of the comparison 
matrix. Table 3.4 shows the AHP matrix showing the verification of consistency index. 
 
Table 3.4 AHP Weightage table for assigning weights to the chosen indicators 
 
(Source: Delhi Jal Board 2016, via NJSEI) 
 
Step III: Calculation of composite indicator  
After the weights of each indicator were assigned, the economic sustainability ECSi, 
environmental sustainability ENSi and social sustainability SSi for each WWTP technology 
was computed by following formula; 
ECSi = Wc. INic!!!!  
  Cost Sludge Area Simplicity Perfor
mance 
O&M 
Cost 
  Weight Weight 
coefficient 
(Weight/(1/6)) 
Cost 1 7 4 1 1/7 1/6  0.102 0.61 
Sludge 1/7 1 1/2 1/7 1/7 1/8  0.026 0.16 
Area 1/4 2 1 1/6 1/8 1/7  0.037 0.22 
Simplicity 1 7 6     1 1/2 1  0.181 1.09 
Performance 7 7 8 2 1 5  0.434 2.60 
O&M Cost 6 8 7 1 1/5 1  0.220 1.32 
       Total 1.000 6.00 
      C.I.Judge 0.145 O.K.  
 
 38 
SSi = Ws. INis!!!!  ENSi = Wv. INiv!!!!  
 
for i=1,2,…,n where n is the number of WWT technologies; c=1,2,…, C where c is the 
number of economic indicators;  
s=1,2,…, S where s is the number of social indicators; Wc is the weight of the indicator c;  
v=1, 2,…, V where where card (v) is the number of environmental indicators; Wv is the 
weight of the indicator v; Ws is the weight of the indicator s; INic is the normalized value of 
the ith technology in the cth indicator; INiv is the normalized value of the ith technology in 
the vth indicator; INis is the normalized value of the ith technology in the sth indicator. The 
overall sustainability of each WWT technology evaluated can be computed as follows:  
 𝐺𝑆𝑖 = WECS. ECSi +WENS.ENSi +WSS.SSi 
 
where GSi is the global sustainability indicator of the ith WWT technology; 
WECS, WENS and WSS represent the importance (weights) of the economic, environmental 
and social dimensions of sustainability respectively; ECSi is the economic sustainability of 
the ith WWT technology; ENSi is the environmental sustainability of the ith WWT 
technology; SSi is the social sustainability of the ith WWT technology.  
 
Step –IV: Composite indicator  
The final step in developing a composite indicator is to check its robustness in terms of stable 
measures and producing correct. The weights were calculated based on international WWT 
expert opinions which were judgemental. Therefore, to clarify the differences between 
dimensions and observe more clearly how the selection of the technologies depends on the 
weights assigned, a sensitivity analysis based on scenarios was performed. The scenario 
analysis carried out in this paper was based on changing the weights of the sustainability 
dimensions to check whether the changes modified the ranking of the WWT technologies in 
terms of their sustainability.       
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3.2 Results and discussions 
After the survey some technical and O&M data are summarized in Table 3.5. For this study, 
data was obtained by site visits, interviews with the senior engineers and local stakeholders. 
The STPs were chosen with similar climatic or technical aspects to ensure that the 
sustainability assessment is based on same level without major discrepancies.  
 
Table 3.5 Summary of average capita cost, O&M costs, footprint and performance of the selected STPs 
 
3.2.1 Individual Sustainability indicators 
This is the first paper evaluating the sustainability of UASB-DHS system and other popular 
secondary STPs in India. The final ranking of STPs was done by global sustainability 
indicator assessment approach representing degree of sustainability by their relative scores.  
The outcome of individual sustainability indicators for each dimensions are shown in Fig 3.2. 
3.2.1.1 Economic Sustainability  
The composite economic dimension represents the capital and O& M costs. Economic 
efficiency of STPs is important because it provides a clear picture of investments as input and 
effluent quality as output (Hernandez and Sala, 2009). All the costs were expressed in Indian 
rupees (INR) in millions/MLD. For fair comparison, costs were escalated as per the base year 
of 2015. The capital cost included cost of construction and life cycle costs. The life span of 
each treatment plant was considered as 20 years. Similarly, O & M costs included number of 
Technology Location Capacity 
(MLD) 
Average  
annual 
capital  
cost 
Average 
annual 
O&M  
costs 
Average 
Footprint 
(m2/MLD) 
Sludge 
production 
(ton/year 
/MLD) 
            Performance 
SS   
removal 
% 
BOD 
removal 
% 
UASB-DHS Agra, UP 5 12.50 0.26 523.07 8.16    86 81 
UASB-FPU Agra, UP 78 6.20 0.12 1354.29 8.16 83 58 
UASB-EASP Agra, UP 24 6.62 0.57 798.90 21.39    76 64 
EASP Delhi 10 7.11 1.16 887.00 11.66         97 97 
MBBR Bhiwani, 
Haryana 10 7.52 1.05 850.00 26.64         95 93 
SBR Haridwar, 
Uttarakhand 27 9.93 0.82 803.46 29.29 97 92 
Trickling 
Filter 
Bangalore 120 18.98 0.82 803.40    332.07 86 59 
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mechanical equipment, skilled workers, power consumption, manpower, chemical cost and 
consumable costs. For economic sustainability, the scores shown by UASB-FPU, UASB-
DHS systems were 0.512 and 0.394, respectively (Fig. 3.2). Similarly the scores shown by 
UASB-EASP, EASP, and MBBR were  0.305, 0.256 and 0.205, respectively. The score of 
0.394 shown by UASB-DHS system and trickling filter was similar. Likewise, EASP 
exhibited equal score of 0.256 to SBR. UASB-FPU in Agra was the only system, which was 
observed economically sustainable than UASB-DHS system with the highest score of 0.512.  
The sole reason for decrease in the economic score of UASB-DHS system was its higher 
capital cost during construction. There were several additional costs associated such as 
accessory land use for pipeline construction, sponges cost which were imported from Japan. 
If these additional costs are excluded, there is the probability of rise of economic 
sustainability score. However, the economic indicator for DHS was better than the other 
aeration systems such as MBBR in Haryana, EASP in Delhi and SBR in Haridwar. UASB-
DHS system does not require any external aeration reducing its power cost which is quite 
high for other conventional aeration systems. Apart from this, UASB-DHS system is 
relatively a simpler technology with less number of mechanical parts, which does not require 
electrical power to operate and skilled manpower to maintain the system. Moreover, the 
consumable costs (replacement of sponges or any repairing costs) and chemical cost were 
almost nil for UASB-DHS system in comparison to other systems. As EASP and SBR is 
economically proven to have high cost performance (Kalbar et al., 2013), our economic 
sustainability results show that UASB-DHS system could be the best solution for a long run.  
3.2.1.2 Environmental Sustainability 
The treatment performance of the plant for this study was determined by quality of the 
effluent, sludge production and footprint of the plant. Supplying effluent satisfying all 
benchmarks with efficient utilization of environmental resources have become a vital 
indicator for environmental sustainability (Moldan et al., 2012). From composite 
environmental sustainability perspective, the highest performances were displayed by 
MBBR, EASP and SBR with respective scores of 1.447,1.439 and 1.300. UASB-DHS system 
exhibited acceptable average score of 1.221 (Fig. 3.2). 
 The TF, UASB-FPU and UASB-EASP presented the least scores of 0.627, 0.469 and 0.391 
respectively. It is evident from this result that the environmental sustainability of UASB-DHS 
system is superior than conventional TF. Similarly, the environmental performance of 
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UASB-DHS system was observed better than UASB-EASP and UASB-FPU. This result 
depicts that DHS is undoubtedly the potential option for the post treatment of UASB reactors. 
It is in good agreement with the results reported by Okubo et al. (2015) and Khan et al. 
(2013). UASB-DHS system occupies the least area and produces less sludge than any other 
systems. On the other hand, when UASB-DHS system was compared with MBBR, EASP 
and SBR, its environmental score was slightly lower than we expected. This apparent 
decrease in the performance of UASB-DHS system can be justified by two possible reasons. 
Firstly, it is plausible that UASB-DHS system needs time to stabilize its performance as other 
chosen plants have been in operation for longer time. Secondly, unlike MBBR, SBR and 
EASP, UASB-DHS system was not facilitated with the secondary clarifiers or final settling 
tank. According to demonstration of Sogo (2016) a settling tank of 52.5 m3 with HRT of 15 
mins    would be required for 5 MLD of DHS plant in order to remove 35% of SS with settling 
velocity of 2 m/h to achieve BOD level of 10 mg/L. Since, the discharge standard in India is 
becoming more stringent (SS=10 mg/L, BOD=10 mg/L), it is assumed that addition of 
settling tank after UASB-DHS system would certainly improve its organic removal 
efficiency. It can thus be conceivably hypothesized that if settling tank is provided, UASB-
DHS system could be the most preferable treatment system. 
3.2.1.3 Societal Sustainability 
Societal indicators in wastewater treatment aim at estimating the effect of technology 
implementation on society, which is relevant to ensure STPs licensing to operate for longer 
time (Estrada et al., 2011). Usually, societal indicators are difficult to quantify but bears 
significance when the end users are directly involved (Balkema et al., 2002). The social 
indicators chosen for this evaluation consisted of simplicity of the system, aesthetics, and 
public acceptance to technology. In the composite social sustainability comparison, the 
highest score of 1.003 was shown by UASB-DHS system (Fig 3.2). UASB-FPU and TF 
scored 0.878 and 0.815 respectively, and other aerobic systems showed the same score of 
0.627 since these systems were noticed to have same aesthetics and public acceptance. Out of 
all the selected technologies, UASB-DHS system and TF were the only system where 
mechanical aeration was absent, making them self-sustaining system.  
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Fig. 3.2. Sustainability indicator of each dimension studied 
Nevertheless, TF based on same treatment principle with DHS was observed to have many 
associated parts making it complex than DHS system. While the technologies based on 
aeration such as MBBR, SBR and EASP caused noise pollution due to blowers, which was 
quite unfavorable for staffs as well as interest groups in the long run. Despite being noisy, 
aeration treatment plants are recognized for low odor production (Muga and Mihelcic, 2008). 
Moreover, the foam production was observed hampering the aesthetics of most of the STPs. 
From the social viewpoint, UASB-DHS system entails the largest social benefits because of 
its highest aesthetics, public acceptance and simplicity. Hence, this assessment could help 
wastewater management agencies to understand the social perspective of UASB-DHS 
treatment technology. 
 
3.3.2 Composite performance analysis  
After the construction of composite indicator for each dimension, a composite global 
sustainability indicator was calculated with equal priorities to all dimensions. Fig 3.3. shows 
overall global sustainability indicators obtained for all STPs and are arranged as per their 
ranking scores. Despite having a slightly low score in environmental sustainability, UASB-
DHS system presented the highest global sustainability indicator score of 2.619 placing it in 
the first rank in the overall performance. The global sustainability indicator for EASP, 
MBBR and SBR were almost similar with moderate values of 2.322, 2.279 and 2.183 with 
corresponding ranks of second, third and forth-sustainable technologies. While the 
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mechanically aerated technologies are attractive in the environmental dimension, its 
contribution to the economic and social dimension is relatively less.  
 
 
Fig. 3.3. Global sustainability composite indicator scored obtained by UASB-DHS system with other treatment 
systems arranged to display their ranks based on the total scores          
 
These results are in accordance to the studies by Molinos et al. (2014) for extensive 
technologies and Kalbar et al. (2013) during selection of most appropriate technology using 
multiple attribute decision-making approach. The  for trickling filter and UASB-FPU were 
1.836 and 1.323, respectively, which were ranked fifth and sixth. UASB-EASP was ranked 
last with score of 1.323 owing to its high economic cost especially for aeration with poor 
environmental performance. Regardless of high energy consumption, desirable results were 
not shown by UASB-EASP which slightly contradicts with the result by Hospido et al. 
(2007) who recommended to use secondary treatment plants despite their high energy 
consumption. However, we suppose that for a developing country like India, economic aspect 
cannot be overseen. Apart from this slight discordance, our study also confirmed that 
expensive technologies are environmentally efficient. From this standpoint, UASB-DHS 
system is preferable in all three aspects of sustainability and is suitable for Indian sewage 
treatment context. 
3.3.3 Sensitivity analysis 
Any study in sustainability is complicated by the fact that many people have many ways to 
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interpret. A sensitivity analysis based on cases was conducted. We have chosen seven cases 
indicating relative prioritization of three dimensions of sustainability as shown in Table 3.6.  
 
Table 3.6 Sensitivity analysis with the different cases studied representing different weights. 
 
 
 
 
 
 
 
 
 
 
In the first case (C), the weights of the three dimensions were given equal priorities, as these 
are equally important pillars of sustainability. For cases C1, C2 and C3, one dimension was 
given more priority (weight equivalent to 50%) than the other two that were assigned 25% 
each. Fig. 3.4 shows the results of sensitivity analysis of seven cases tested. For cases C1, C2, 
C3 and C5, UASB-DHS system persisted to score the highest and became the most 
sustainable and preferred STP followed by EASP and MBBR. For rest of the cases C4, C5 
and C6, the extreme weights were chosen where one of the dimensions was attributed to 80% 
and rest were given 10% each However, for case C4 when the economic weight 
predominated over other dimensions, low cost technology like UASB-FPU showed the 
highest preference which was similar to the results discussed in economic sustainability. 
Finally, when environmental dimension was given extreme weight, MBBR was observed as 
the most sustainable system for its compactness and good effluent quality. Our investigation 
in sensitivity analysis differs from findings reported by Molinos et al. (2014). The authors 
found different results when data was analyzed for composite indicator and sensitivity test. 
However, in our study, both composite indicator and sensitivity analysis except extreme 
cases confirmed that UASB-DHS system is the most sustainable STP among all.  
 
Cases/ Scenarios Economic (%) Environmental (%) Societal (%)
C 33.3 33.3 33.3
C1 50 25 25
C2 25 25 50
C3 25 50 25
C4 80 10 10
C5 10 10 80
C6 10 80 10
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Fig. 3.4. A radar plot showing the preferences and sustainability of STPs when tested for seven cases scenarios 
Subsequently, the variability test was also carried out to understand the differences shown by 
STPs in the best and worst case scenarios. The length of the variation interval represents the 
stability of the STPs under seven cases studied (Fig. 3.5). TF, UASB-FPU and UASB-EASP 
are relatively stable technologies with low variability.  
 
 
 
 
 
 
 
 
 
 
Fig. 3.5. Variability of the global sustainability for seven scenarios evaluated 
Conversely, EASP, MBBR and SBR showed a higher variability in comparison to UASB-
DHS system. Though, the variability of these systems are lower than USAB-DHS system, it 
is to be noted that even in the worst case, UASB-DHS system delivered better sustainability 
scoring than other plants. Furthermore, during this study, it was observed that technologies 
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like UASB-EASP were not in good condition, which could be attributed to the O& M of the 
treatment plant. As reported by Tokyo Engineering consultant (2004), no separate O&M 
engineers are designated in the most of treatment plants in India, which is a serious issue to 
be solved soon. Moreover, due to frequent transfers of engineers there is the loss of 
knowledge as well as trained and experienced project personnel. Either, these kinds of issues 
need to address soon or treatment systems like UASB-DHS system with minimal O&M 
should be encouraged. Despite the fact that type of assessment provide useful information to 
support the decision-making process, care must be taken for avoid conflicts due to its 
subjectivity. (Hoibye et al., 2008). 
 
3.4 Conclusion 
This paper illustrates the comparison of UASB-DHS system and other secondary treatment 
for sewage treatment. The STPs assessed comprised of different secondary treatment 
technologies widely operating across India. A set of indicators embracing the major three 
pillars of sustainability (economic, environmental and societal) was chosen. These STPs were 
compared through multidimensional assessment of sustainability through composite 
indicators. This is the first study, which assessed the global measure of UASB-DHS system 
along with other six STPs in India. The individual sustainability dimensions provided the 
sustainability profile of UASB-DHS system treatment technology and also compared it with 
other chosen STPs. The global sustainability indicator results reflected that the 
environmentally and societally sustainable STPs were not economically sustainable and vice 
versa except UASB-EASP which was the least sustainable system in all dimensions. UASB-
DHS system was ranked undisputedly the most sustainable STP economically and socially. 
The overall comparative analysis exhibited that UASB-DHS system with the highest score of 
2.619 in the global sustainability indicator is the most sustainable followed by EASP and 
MBBR with scores of 2.322 and 2.279, respectively. UASB-DHS was ranked first among all 
STPs on the basis of the global sustainability indicator assessment followed by EASP and 
MBBR as the second and third sustainable option for Indian STP. 
 
UASB-DHS system as a suitable and most sustainable technology among others was further 
fortified by the sensitivity analysis. Out of seven scenarios investigated, five scenarios 
showed that UASB-DHS system is the most sustainable technology. When the economic and 
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environmental dimensions were given extreme preference, the sustainable technologies were 
UASB-FPU and MBBR respectively. Based on the overall results of this evaluation, the 
global sustainability indicator was the highest for UASB-DHS system suggesting it could be 
the most sustainable and preferable solution for STP selection for India in coming days. 
Hence, this assessment would provide aid to stakeholders on both ex-ante and ex-post for 
STPs selection in near future. 
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CHAPTER IV 
LITERATURE REVIEW (PART- 2) 
4.1 Biological Nutrient Removal in wastewater  
In an era of rapid urbanization and industrialization there has been an increasing concern over 
numerous real or potential environmental pollution-related problems. Domestic and industrial 
activities emanate wastewater either partially treated or untreated into the environment causes 
severe adverse effects and serious damage to the environment. Among the wastewater 
pollution, nutrient pollution is being gaining attention over the past several decades, which 
occurs when wastewater containing nutrients phosphorus and nitrogen enter any water body.  
 
Phosphorus and nitrogen are the nutrients essential for aquatic plant and algae growth, which 
provide food and habitat for fish, shellfish and smaller organisms that live in water. But when 
wastewater containing nitrogen and phosphorus along with organisms enter the environment 
in exceeding quantity, the freshwater ecosystems suffer disastrously. Nutrient pollution in 
streams, rivers, lakes, bays and coastal water, has resulted in serious environmental threats 
and human health issues which also affect the economy. Usually the contaminants mainly 
removed are: organic substances, nitrogen, phosphorous and solid particles. Discharging 
organic matter lead to oxygen consumption; heterotrophic bacteria present in the aquatic 
environment use the organic matter as substrate to grow and hence consuming oxygen. If the 
oxygen consumption rate is greater than the capability of the atmospheric oxygen to dissolve 
in water, critical conditions can be reached. In this conditions many living organism die. 
Nitrogen and phosphorous are the main components responsible for the eutrophication 
process. A great algae growth in lakes and rivers leads to two main problems. At first, it is an 
aesthetic pollution that is not so important, because it doesn't give problems to the aquatic 
ecosystem. The second is more important: in fact when the algae die, they become biomass 
which can be degraded by the heterotrophic bacteria leading to the problems described abov 
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4.1.1 Biological Nutrient Removal  
Traditionally wastewater treatment has focused on the removal of gross organic and 
inorganic constituents and pathogens in wastewater that primarily included carbonaceous 
BOD and suspended solids removal and disinfection processes. But, nutrients such as 
nitrogen and phosphorus are also considered as a significant problem nowadays. Phosphorus 
can be removed by tertiary filtration aided by chemical addition like Aluminum- or iron-
based coagulants and polymer, and be reduced to very low levels in the final effluent. But, 
chemical addition process is very costly and the disposal of sludge from chemical treatment 
poses another problem. Biological treatment on the other hand is economical and the lesser 
sludge generated after the process is rich in phosphorus which could be used as a source of 
nutrients in agriculture. Thus, simultaneous biological carbon, nitrogen, and phosphorus 
removal from wastewater biologically has become an established process in wastewater 
treatment practice because of its cost-effective, reliable and effective characteristic features 
(Metcalf & Eddy, 2003).  
 
From long time, the treatment of contaminated wastewater by biological and chemical 
methods have been widely implemented. From operational as well as economical points of 
view, biological treatment has proved to be more energy efficient way of treating 
biodegradable wastewater if good process control is ensured (Grady et al., 1999).Moreover 
contaminants such as organic matter and nutrients can be biologically degraded to reduce the 
discharge levels in water bodies (Sundblad et al.,1994; Danalewich et al.,1998). Biological 
processes are economically and environmentally sound in comparison to chemical treatment 
for nutrient removal. With different conditions and different types of bacteria it is possible to 
remove nutrients and pollutants dissolved in the wastewater. Some information about the 
biological removal of organic substances, nitrogen and phosphate are given below. 
 
4.1.2 Organic matter  
The concentration of carbon substances in the wastewater, can be expressed with different 
parameters.  COD is the  measure of oxygen amount necessary to chemically oxidize organic 
material using potassium dichromate in acid solution. So, it is an indirect measurement of the 
organic matter based on the assumption that the higher the organic content and the higher is 
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the oxygen request to the oxidation process and so higher the COD value. The organic matter 
can be biologically degraded both under anaerobic and aerobic conditions. The anaerobic 
degradation takes place due to the different processes, bacteria and enzymes which transform 
the organic matter into carbon dioxide and methane. The aerobic degradation is an oxidation 
that transforms the organic matter in carbon dioxide and water. In WWTPs, aerobic 
degradation is generally preferred and instead the sludge stabilization is usually carried out 
with an anaerobic degradation, in order to recover energy by the methane production. 
4.1.3 Nitrogen  
Different forms of nitrogen can be found in wastewater and the biological degradation can be 
performed with different condition and by different types of organisms. The organic nitrogen 
consists of a complex mixture of compounds including amino acids, sugars and proteins. In 
wastewater application this form of nitrogen is usually neglected, because it undergoes a 
biological process, ammonification, in the sewer system and is totally converted to ammonia 
before arriving at WWTP. Nitrogen in the form of ammonia is divided in free ammonia 
nitrogen (N-NH3) and saline ammonia nitrogen (N-NH4+). The two compounds are both 
dissolved in water, and they coexist in equilibrium, as described by the following reaction: 
                                                 
 
As show in Fig. 8 free ammonia concentration increase with pH increasing. Free ammonia is 
a poison compound for the bacteria, especially for nitrifers; this is the reason why for 
nitrogen biological removal it's better to have a pH in the range of 7.5 - 8.5, where the free 
ammonia concentration is lower than 20%. Finally there is nitrogen in the form of nitrate (N-
NO3-) and in form of nitrite (N-NO2-) (Fig 4.1). The sum of these forms of nitrogen is called 
total nitrogen (TN): 
 
 
Ammonium oxidation into nitrite is performed by ammonia oxidizing bacteria, mainly 
Nitrosomonas, instead the nitrite conversion into nitrate is performed by Nitrobacter. Both 
steps are oxidation reactions, so the processes can take place only in aerobic environment. 
Biological nitrogen removal is performed by two different processes: nitrification and 
denitrification. In the first ammonium is converted to nitrite and then to nitrate by two 
different steps, as described by following equations ;  
NH3 + H+ → NH4+ 
 
TN = Org N + N-NH3+ + N-NH4+  + N-NO3- + N-NO2- 
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2NH4+ + 3 O2→2 NO2- +4H+ + 2H2O 
2 NO2- + O2 → NO3- 
 
Denitrification is the nitrate reduction to nitrogen gas. The process is carried out by 
heterotrophic bacteria, Nitrosomonas, in anoxic environment. The steps involved during 
denitrification are described by equation  
                                                  NO3- → NO2-→NO→N2O→N2 
 
 
 
 
 
 
 
 
 
Fig. 4.1. Equilibrium of ammonia and ammonium ion (Source: Rosesetto 2012) 
 
4.1.4 Phosphate 
Sewage treatment plants provide most of the available phosphorus to surface water bodies. 
The other sources of phosphorus originates from the use of industrial products, such as 
pharmaceuticals, toothpaste, detergents, and food-treating compounds. Treatment plant 
effluent discharge limits have ranged from 0.1-2.0 mg/L of phosphorous depending on plant 
locations and potential impact on receiving waters (Metcalf and Eddy, 2003). During 
anaerobic conditions, PAOs, assimilates acetate produced by the fermentation of the 
biodegradable soluble COD and produces polyhydroxybutyrate (PHB) storage products using 
the stored polyphosphate as energy source. At the same time there is a release of 
orthophosphate. So during anaerobic condition in the cell biomass the concentration of PHB 
increases and that of polyphosphate decreases. During the aerobic phase the stored PHB is 
used as energy source and as carbon source for new cell growth as shown in Fig. 4.2. The 
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energy released from the PHB oxidation is used to incorporate dissolved phosphate in the 
bacteria cell. It results a decreasing on the dissolved phosphate concentration. 
4.1.5 Nutrient removal in anaerobic anoxic sequencing batch reactor  
The SBR technology is considered as an alternative to the conventional processes for 
removing nutrients from wastewater due to its higher flexibility and controllability, allowing 
more rapid adjustment to changing influent characteristics (Baetens, 2000). Recurrent cost as 
well as less investment is necessary because secondary systems are not required (Nowak and 
Lindtner, 2003). Furthermore, it is especially appropriate for places where there is significant 
flow and load variability (Metcalf and Eddy, 2003) or where space problems become a 
restriction. SBRs are widely and commonly used in biological wastewater treatment (Mace 
and Mata-Alvarez, 2002). SBR technology has been successfully applied in WWTPs treating 
urban (Lee 2004; Puig et al., 2005) and industrial (Keller et al., 1997; Torrijos et al., et al., 
2001; Vives et al., 2003; Cassidy and Belia, 2005) wastewater. Most of the SBRs have five 
common steps: i) fill, ii) react, iii) settle, iv) draw (decant), and v) idle. These phases are 
carried out in sequence with appropriate time for each phase as determined by the process. 
The SBRs can be operated in various modes like anaerobic/anoxic, anaerobic/aerobic, 
anaerobic/aerobic/anoxic cycles of operation.  
 
Anaerobic/anoxic reactor is a single tank, same sludge based sequencing batch reactor. With 
the discovery of a denitrifying phosphorus accumulating organisms (DNPAO) simultaneous 
removal of nitrogen and phosphorus is possible with anoxic phosphorus uptake using 
nitrate/nitrite instead of oxygen as electron acceptors (Kuba et al.,1994, 1995). DNPAOs 
have made possible for the treatment of low-COD wastewater treatment saving COD (50%) 
and energy (aeration) (30%) with less sludge production (50%) (Kuba et al.,1997; Copp & 
Dold,1998).  
 
 
Under alternating anaerobic and anoxic conditions DNPAOs take up volatile fatty acids and 
store them as polyhydroxyalkanoates (PHAs) through hydrolysis of intracellular 
polyphosphate an glycolysis of glycogen under anaerobic conditions (Fig 4.2). In the anoxic 
condition, DNPAOs utilize nitrate as electron acceptor and utilize PHAs to generate energy 
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for growth, glycogen synthesis and phosphate uptake (Mino et al.,1998; Tsuneda et al., 
2006).  
 
 
 
 
 
 
 
 
Fig. 4.2. Pathway of phosphorus and Nitrogen removal in DNPAOs (Source : Kuba et al., 1997) 
 
Bench-scale studies were conducted by Heather et al. (1998) to examine the transient effects 
of longer anaerobic contact time, longer aerobic contact time and decreased influent chemical 
oxygen demand (COD) feed concentration on phosphorus release, phosphorus uptake rate 
and net phosphorus removal in a sequencing batch reactor (SBR) system enriched for 
biological phosphorus removal. They fed the SBR system with only acetate as its carbon 
source during the transient effects study. During steady state operation of the SBR, the ratio 
of acetate COD consumed to phosphorus removed averaged 16.5:1, and the molar ratio of 
acetate used to phosphorus released in the anaerobic period was 0.75:1. Only 40 to 60% of 
the phosphorus released under acetate-deficient conditions was taken up under subsequent 
aeration. Transient effects of longer aeration time and lower influent feed acetate 
concentration in the SBR experiments resulted in lower phosphorus release and a significant 
decrease in phosphorus-removal efficiency in the SBR cycle following the transient change. 
 
Nittami et al. (2011) studied the influence of temperature, pH and DO concentrations on 
EBPR performance under fully aerobic conditions in SBR which showed that P release and 
uptake occurred during every aerobic cycle where environmental conditions were varied from 
the standard parameters except when the pH was changed where the net P removal 
deteriorates over a short time period at pH around neutral. Aerobic P uptake levels seem to be 
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more sensitive to environmental change than P release levels and Aerobic P release levels 
correlated with the biomass P content. 
Gurtekin (2011) investigated the effect of influent C/P ratio on biological phosphorus 
removal performance in a anaerobic/anoxic SBR process where it was found that when C/P 
ratio was higher than 30, phosphorus removal efficiency was maintained at 89%. 
4.1.6 Parameters affecting biological nutrient removal  
The biological nutrient removal process is highly dependent on various physical chemical 
conditions existing in the reactor tank and also on the incoming wastewater characteristics. 
The various parameters governing the nutrient removal process are discussed here : 
 
a. Wastewater composition 
b. Effect of temperature  
c. Effect of pH  
 
a. Wastewater composition  
For a successful biological nutrient removal process to operate, the influent wastewater flows 
must be kept as stable as possible with minimal fluctuations and avoiding sudden changes 
into the system. Both quantitative and qualitative variation influent flows can lead to reactor 
performance deterioration and longer recovery time. Changes in the influent organic 
composition from VFAs to sugars, such as glucose, may induce the accumulation of glycogen 
accumulating organisms affecting the phosphorus removal rates due to decreased PAOs in 
the system. Determination of optimal COD loading rates is also important since excessive 
COD loading rates can lead to deterioration of phosphorous removal. A reduction in 
phosphorous removal rates can also occur with high influent COD/P ratios. If COD is not 
degraded totally in the anaerobic phase, the residual substrate is known to support the growth 
of filamentous bacteria in the aerobic phase. 
 
b. Effect of Temperature  
The effect of temperature on biological reaction rate affects the efficiency of the biological 
treatment processes. It not only affects the metabolic rates of the microbial population but 
also affects the gas transfer rates and settling characteristics of the biological solids (Metcalf 
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and Eddy 1991, Crites and Tchobanoglous ,1998). P removal is negatively affected by the 
low temperatures in combined phosphorous and nitrogen removal systems as low 
temperatures can lead to higher nitrate concentrations in return sludge and thereby affecting 
the biological phosphorous removal.  
 
e. Effect of pH 
 
For a successful biological nutrient removal the pH in the system requires monitoring since 
nitrification, denitrification, P-release and P-uptake all have specific pH ranges within which 
it can be optimized. The nitrification is sensitive to pH changes and occurs at pH 7.5 and 9.0 
(Surampalli et al., 1997).The pH optimum for the denitrification is between pH 7.0 and 
8.0(Metcalf and Eddy, 1991). Lie et al. (1996 ),reported that an acidic pH has negative effect 
on both acetate uptake and P-release in anaerobic stage whereas alkaline pH tends to inhibit 
the uptake of acetate and stimulated the P-release more than at acidic pH. Similarly Converti 
et al., 1995 showed that maintenance of stable pH in the batch systems was essential. P-
removal efficiency was affected when the influent pH was reduced from pH 7.2 to 6.3.  
 
Some of the other practical parameters affecting the biological phosphorous removal for 
successful nutrient removal process are the F/M ratio which is the ratio between the organic 
loading rates to mass of sludge in the system. The HRT is also known to affect the 
performance, which determines the amount of time a liquid stays in the reactor. The SRT is 
another parameter that affects the nutrient removal performance and is the mass of organisms 
in the reactor divided by the mass of the organisms removed from the system (Bitton, 1998). 
 
4.2 Pathogen removal in domestic wastewater 
One of the fundamental purposes of the municipal wastewater treatment is the assurance of 
the safety of public health. Concerns have increased for water quality in recent years due to  
fecal indicators and pathogens in  raw sewage and effluents of wastewater treatment plants 
(Seurinck et al., 2005). Microbes those have potential to cause disease to living organisms are 
termed as pathogens and it has been well investigated that human excreta is the main source 
of pathogens.  
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Municipal wastewater contains several types of disease causing pathogens. These certain 
groups of microbes have been broadly classified into viruses, bacteria, protozoa and 
helminthes. The concentration of pathogens is highly variable according to the source of 
generation, health of the population and environment contributing to the wastewater 
(Krishnan 1987 and Rowe and Abdel-Magid, 1995). 
 
 Removal of pathogens from the wastewater treatment plants in general cannot meet the 
minimum WHO standards for unrestricted irrigation (104/100ml). For developing countries 
the common methods employed for disinfecting the final effluents is use of chlorine 
compounds. Even use of chlorine can result in poor removal rates as the effluent of 
wastewater treatment plants still contain organics and nitrogenous compounds that react and 
render the disinfection process ineffective. Other processes like in the waste stabilization 
ponds albeit designed to remove the pathogens, requires huge land area and is subject to 
varied environmental conditions for an effective removal. 
 
Disinfection requires a good contact time, strong dosage, proper mixing, temperature, pH and 
depends on the type of pathogens, nature of wastewater and other residual organics for 
efficient disinfection. In nature, these microorganisms are removed through sedimentation, 
predation, filtration, sunlight and unfavorable environmental conditions like temperature, pH, 
DO and dissolved solids. Mechanisms that affect the pathogen removal are biological, 
physical and chemical processes that bring about microbial removal and die-off. The growth 
of bacteria takes place in a narrow temperature range. The growth rate of bacteria is known to 
double with every 10 ºC rise in temperature  until the optimal is reached (Metcalf and Eddy, 
2003).  
 
The effectiveness of wastewater treatment systems is measured by determining the densities 
of total coliforms (TC) and fecal coliforms (FC) in the effluent of wastewater treatment 
plants. WHO has recognized coliforms (TC and FC) as the key fecal indicators (WHO, 2002) 
(Table 4.1).  
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Table  4.1. International guidelines for coliforms by international bodies, developed country (Japan) and 
developing country (India) 
 
4.2.1 Status of coliforms in UASB-DHS  
Generally, the focus of the secondary wastewater treatment is the organic matter removal in 
terms of BOD and COD and less attention is paid in the removal of the pathogens. In order to 
treat municipal wastewater to the extent that it can be reused for different uses it is ought to 
be absolutely free from the pathogens. Various studies of the removal of microorganisms by 
conventional secondary treatment, consisting of aerobic biological treatment followed by 
gravity settling, indicated that there is significant reduction in the bacterial and viral indicator 
organisms (EPA, 1997). However, all these studies have aimed at achieving effective organic 
and nutrient removal rates with no attempt to investigate the pathogens removal rates.  
 
Since UASB system is mostly subjected to the organic removal and energy recovery in the 
form of methane gas it has insignificant capability to removal of coliforms during its 
treatment (Tandukar, 2006). Tandukar et al.(2006) evaluated the performance of a pilot scale 
UASB-DHS reactor treating a municipal wastewater. The combined system was operated at a 
total HRT of 8h (UASB:6h, DHS:2h) for a period of two years. The overall fecal coliform 
removal rates achieved were 3.45 log with the final effluent count of 103-104
 
MPN/100ml. 
The first order decimating constant ( kd ) for coliforms in the DHS reactor was calculated to 
be 44-70/comparatively higher than most other systems. Mechanisms reported for the 
 
Reuse Purpose WHO USEPA JAPAN INDIA 
Agriculture <1000FC/100mL 10-
1000FC/100mL 
≤5000TC/100
mL 
<1000FC
/100ml 
Aquaculture 1000FC/100mL <70FC/100mL ≤ 1000 
TC/100mL 
 
Ground Water 
recharge 
<50FC/100mL - -  
Recreational 
Purpose 
- - - ≤500TC/
100mL 
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removal of coliforms in the DHS reactor are entrapment, predation, natural die-off and 
toxicity of oxygen. Tawfik (2010) and  Klapwijk (2010) used polyurethane rotating discs and 
polysterene rotating discs for treatment of UASB reactor effluent fed with domestic 
wastewater. They observed that within the given parameters of OLR of 10.5 g.COD/m2 d and 
HRT of 2.5 h E.coli removal rates of 99.0 ± 1% and 91.2 ±.3% were achieved in the two 
rotating discs. The mean residual count of E.coli remained at a level of 104/100 ml in the 
effluent independent of the HRT applied. The mechanism involved in the removal of the 
E.coli was identified as adsorption of E.coli onto the biological biofilm and predation by 
other microorganisms like protozoa and metazoans. 
 Whilst efficient in reducing the E.coli from the UASB reactor, the rotating discs still could 
not meet the effluent discharge standards complying with WHO, 1989 for reuse in 
unrestricted irrigational (1000 E.coli/100ml) purpose. Further treatment prior to discharge 
was advised for reuse in agriculture. 
 
Uemura et al 2002 carried experiment with actual sewage to evaluate treatment efficiency for 
total coliphages, F+-specific RNA coliphages (RNA coliphages), and fecal coliforms. The 
studied focused on the removal efficiency of indicator microorganisms from UASB and a 
curtain type DHS system for sewage treatment. Coliphages were determined by double agar 
layer method and fecal coliform by membrane filtration procedure. The results indicated a 
fairly promising removal of the indicator microorganisms, i.e., the log 10 reductions of total 
coliphages, RNA coliphages, and fecal coliforms (based on sewage and DHS effluent) 
achieved were 2.01 log, 2.02 log, and 2.57 log, respectively. Furthermore, the reaction rate 
constants of each pathogen indicator also supported that fecal coliform removal by DHS was 
the highest. 
4.2.2 Disinfection 
Disinfection refers to the inactivation/destruction of undesirable pathogenic organisms living 
in the wastewater (Connel, 1997). It is not the sterilization of water.  The risks from microbial 
agents have to be compared to those from disinfection to find a balance that is safe and 
efficient with the least amount of side effects (Glaze et al., 1993). In waste water treatment it 
is upmost necessity that the water that is to be discharged into the environmental sources 
should be disinfected in order to ensure the safe health condition of both the ecosystem and 
human those are the active users. "Attainment of the disinfection guidelines can only be 
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achieved by the disinfection process, which, from a disease prevention standpoint, is the most 
important unit process in the wastewater treatment system." (EPA 1986). Disinfection 
technologies can be broadly categorized as chemical- and physical-based systems.  
 
There are three general types of disinfection treatment methods; 
 
1. Physical Method  : By using physical agents like heat, light etc. 
2. Chemical Method : By using the chemical reagents  like chlorination, bromination 
3. Biological Method : By using  biological filtrations, lagoons, wetlands etc. For our 
investigation we chose biological method which included slow sand filters. 
 
Table 4.2. List of different kinds of disinfection methodologies and their properties 
Source: Harold Leverenz , Jeannie Darby and George Tchobanoglous, Center for Environmental and Water 
Resources Engineering, (2006). 
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4.2.2.1 Biological disinfection – Slow Sand Filtration 
For the study the biological method of disinfection is slow sand filtration (SSF). Slow sand 
filtration process is a long established technique for reducing turbidity and bacteria in water; 
it has been in large-scale use for 100 years. Even today, this is a very simple, inexpensive and 
reliable method of purifying water supplies for some of the major cities of the world. 
Literature shows that the application of this system to waste water treatment (Huisman, 1974; 
James & Evison, 1979; Tebutt, 1999).SSF as a tertiary treatment is feasible for wastewater 
reuse (Lagenbach, 2008). In 1980’s, a renewed interest in SSFs spawned mainly for small to 
medium community applications in both industrialized and developing countries. This was 
mainly due to their simplicity, low chemical and energy requirements, and high level of water 
treatment. Slow Sand Filters can provide an efficient single-stage treatment for raw waters 
within certain water quality limits of turbidity and other parameters (Jenkins, 2011).  
 
Factors affecting the performance of pathogen removal in sand filters include the dose 
volume, filter medium properties, dosing frequency, and wastewater distribution on the filter. 
Despite its advantages, the fundamental biological mechanisms underpinning operation 
remain poorly understood.  
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Chapter V 
AN INTEGRATED SYSTEM OF UASB-DHS-A2SBR FOR EFFECTIVE 
REMOVAL OF ORGANIC MATTER AND NUTRIENTS FROM 
MUNICIPAL WASTEWATER 
5. Introduction  
The prevailing need of environmental sanitation has enticed many researches in the field of 
municipal wastewater treatment to find a better solution. In this advent, up-flow anaerobic 
sludge blanket (UASB) has been proven to be effective for medium to high strength 
wastewater in tropical zones, subtropical zones and also in low ambient temperature 
(Takahashi et al., 2011). However, studies revealed that UASB alone is incapable of treating 
the wastewater efficiently, thus, there is a need for further treatment (Foresti et al., 2006; 
Moawad et al., 2009).  
 
As the best option for post treatment, an aerobic down-flow hanging sponge (DHS) reactor 
was developed (Agrawal et al., 1997; Machdar et al., 2000; Tandukar et al., 2005; Uemura et 
al., 2010; El-Kamah et al., 2011). In the virtue of longer sludge retention time, ample 
dissolved oxygen, endogenous respiration, microfaunal activity and good food 
/microorganism ratio. DHS even has the least excess sludge in comparison to other 
conventional treatment technologies (Tandukar et al., 2005, 2007; Onodera et al., 2013). The 
combined system of UASB-DHS has been considered as one of the most convincing 
technologies for municipal sewage treatment under variable conditions (Tandukar et al., 
2006).  
 
Nonetheless, municipal wastewater even after being treated by UASB-DHS system still 
contained inorganic compounds such as nitrate, ammonium and phosphate ions. The nitrogen 
in sewage effluent arises primarily from metabolic inter conversions of extra derived 
compounds, whereas 50% or more of phosphorus arises from synthetic detergents. The 
principal forms in which they occur in wastewater are NH4+ (ammonia), NO2- (nitrite), NO3- 
(nitrate) and PO43- (orthophosphate). Together these two elements are known as nutrients and 
their removal is known as nutrient stripping (Horan, 1990) which can lead to eutrophication 
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in lakes and cause harmful micro algal blooms (Sawayama et al., 1998). Prased (1982) and 
Geddes (1984) have considered phosphorus and nitrogen to be the key  factors of 
eutrophication. So, further treatment is thus necessary to prevent eutrophication of water 
environment (Sawayama et al., 2000). 
 
Sequencing batch reactor (SBR) run on a fill and draw modes with complete mixing during 
the batch reaction step (after filling) and subsequent steps of aeration and clarification 
occurring in the same tank. Most of the SBRs have five common steps: i) fill, ii) react, iii) 
settle, iv) draw (decant), and v) idle. These phases are carried out in sequence with 
appropriate time for each phase as determined by the process. The SBRs can be operated in 
various modes like anaerobic/anoxic, anaerobic/aerobic, anaerobic/aerobic/anoxic cycles of 
operation. A unique feature of the SBR system is that there is no need for a return activated 
sludge system since both aeration and settling occur in same tank, no sludge is lost in the 
react step and none has to be returned to maintain the solids content in the same tank (Metcalf 
& Eddy ,1993).  
 
Anaerobic/anoxic reactor is a single tank, same sludge-based sequencing batch reactor. 
Therefore, anaerobic/anoxic sequencing batch reactor (A2SBR) was chosen as a suitable 
tertiary treatment unit for UASB-DHS. In this respect, the integrated performance of 
emerging technology consisting UASB-DHS-A2SBR was investigated. The objectives of the 
present work are to demonstrate the effect of seasonal variation on organic removal of 
UASB-DHS and evaluate the performance of A2SBR as a tertiary treatment unit for nutrient 
removal from municipal wastewater. 
5.1 Materials and methods 
5.1.1 Experimental setup of the pilot plant 
The experiment was designed in water treatment facility in Nagaoka, Japan. The schematic 
diagram of the experimental setup of a pilot-scale municipal wastewater treatment plant is 
shown in Fig. 5.1. The system consisted of reservoir (2,000 L), UASB reactor (1,178 L), 
DHS reactor (857 L) and A2SBR reactor (200 L). The details of reactor configuration is 
presented in Table. The DHS reactor consisted of vertically aligned 10 boxes, which were 
stuffed with random polyurethane sponges. Sponge volume was 454 L and occupied 53% of 
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the total volume of the reactor. Each sponge was designed with plastic net ring with 
dimensions of 33 mm × 33 mm wrapped in the 33 mm polyurethane sponge. The void ratio 
was estimated to be 90% and the average pore size was 0.63 mm.  Summary of the operation 
details is given in Table 5.1 
5.1.2 Operational condition of UASB-DHS system 
UASB and DHS systems were operating before the start of this study. The start-up of UASB 
was done by the inoculation of the mesophilic digested sludge from the same sewage 
treatment center. The municipal wastewater after screening and grit removal was received 
from the combined sewer in a reservoir. Sodium sulfate of 50 mg/L was added in wastewater 
to start up the sulfur-redox reaction in UASB for effective organic removal even at low 
temperature. The ratio of COD/SO42– of wastewater was maintained at 4.0 ~ 4.7 throughout 
this study. All the systems were connected with peristaltic pumps to supply the influent to the 
respective units except UASB effluent, which was transferred to DHS by gravity. 
 
Fig. 5.1. Schematic diagram of UASB-DHS and proposed A2SBR system installed in  Nagaoka Sewage 
treatment facility 
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The integrated system was  operated for 600 days and the time period was categorized on the 
basis of ambient temperature of 15.1°C- 29°C as summer and 8°C - 15°C as winter. The 
hydraulic retention time (HRT) of UASB and DHS was set up at 8 h and 3.2 h respectively. 
The flow rate for UASB and DHS was maintained at 3,534 L/day. 
 
Table 5.1. Summary of the operational details of the  studied treatment units 
 
 
5.1.3 Operation of A2SBR 
A2SBR was designed and constructed by former colleagues. A2SBR was started up on 330th 
day of UASB-DHS performance observation. The schematic diagram is shown in Fig.5.2. 
The specific operations were run to understand the optimum conditions till the completion of 
this study. 50 ml acetate was used as carbon source . The flow rate and HRT for A2SBR was 
set to 200 L/day  and 12 h. At the beginning of experiment pH of the system was set at 
different values from 6-8 for 195 days and later it was adjusted to 7.4 by the addition of HCl. 
The nitrate concentration of DHS effluent was variable so COD/N ratio was not controlled in 
this  study. The operation of A2SBR involves four stages: anaerobic, anoxic, settling and idle 
as shown in Fig 5.3. 
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Fig. 5.2. Schematic Diagram of A2SBR                         Fig. 5.3. Operation cycle of A2SBR 
 
At the initial phase, anaerobic phase takes place where biomass takes up carbon and releases 
phosphate into the system. It lasts up to 90 min. During anoxic phase, UASB-DHS effluent of 
50 L is fed into the reactor and stirred continuously for 200 min. After that, the stirring is 
stopped and settling phase occurs for 60 min where the tank acts as a clarifier without any 
inflow or outflow. Finally, in the idle phase the clarified supernatant is discharged as treated 
effluent for 10 min.  
 
5.1.4 Sampling and analytical methods 
The performance of the whole system was monitored by the routine analysis of 24h 
composite samples of sewage and UASB and grab samples of DHS and A2SBR. The analysis 
was carried out twice a week. The parameters like temperature, dissolved oxygen (DO), 
oxidation-reduction potential (ORP) and pH were measured regularly on site. Samples were 
preserved in an ice cool box at 4°C prior to analysis. The other parameters such as suspended 
solids (SS), chemical oxygen demand (CODCr), biological oxygen demand (BOD5), total 
kjeldahl nitrogen (TKN), total phosphorus (TP), nitrites and nitrates were analyzed according 
to the standard methods (APHA, 2005). 
 
 74 
5.2 Results and Discussion  
5.2.1 Performance of reactor for organic removal 
In order to study the seasonal effect on organic removal, daily wastewater of two consecutive 
summer and winter seasons were studied. The time series of ambient temperature and organic 
treatment performance in terms of SS, COD and BOD were measured over the time period of 
600 days as shown in Fig. 5.4. The average wastewater concentrations of SS, 109 ± 64 mg/L 
in summer and 83 ± 24 mg/L in winter,  were decreased to 14 ± 19 mg/L and 22 ± 15 mg/L, 
respectively, after being treated in UASB-DHS system. Similarly, (as shown in Table 5.2) 
UASB-DHS system showed total CODCr and BOD5 concentrations of 41 ± 32 mg/L and 7 ± 7 
mg/L, respectively, in summer whereas 64 ± 35 mg/L and 15 ±10 mg/L, respectively, in 
winter . 
Similarly, the average SS, CODCr and BOD5 removal efficiencies of the system in summer 
were 86%, 87% and 97% and the corresponding removals in the winter were  69%, 78% and 
88% respectively. These results revealed that the process achieved significant organic 
removal in summer than in winter. The removal rates in this study  were slightly higher than 
the studies by Machdar et al. (2000), Tandukar et al. (2006) and Mahmoud et al. (2010) with 
different generations of DHS reactors. But still, good organic removal even at low 
temperature in UASB-DHS was achieved. This could be attributed to the existence of sulfate-
reducing bacteria capable of decomposing organic matter in UASB (Takahashi et al., 2011) 
and also large amount of active biomass retained in DHS sponges (Tandukar et al., 2006). 
Furthermore, unlike other aerobic  systems, DHS possesses a well-pronounced advantage i.e. 
needlessness of external aeration, thereby contributing in less energy requirement, which has 
been well documented by Tandukar et al. (2005) and Tanaka et al. (2012) too. 
	
There have been limited studies on the organic removal by A2SBR. The average SS,  CODCr 
and BOD5 removals in summer by A2SBR were 79%, 86% and 97%, respectively. The 
concentration of organic matter in the effluent of A2SBR could be explained by the effect of 
the sludge particles. Neverthelss, it was within the discharge standard so it was acceptable. 
The corresponding removals in the winter were 83%, 91% and 88%, respectively. There was 
slight improvement in the performance of A2SBR in summer than in winter for COD 
removal.  
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The similar results has been reported by Fernandes et al. (1991) demonstrated that lower 
temperature causes the decrease in the treatment efficiency of SBRs. When the removal 
efficiencies of UASB-DHS system and UASB-DHS-A2SBR were compared, no significant 
differences were highlighted. 
 
Table 5.2. Summarized overview of process performance for organic removal  
  
It was then confirmed that major organic removal was contributed by UASB-DHS system. 
However, overall results of the final effluent from UASB-DHS-A2SBR indicated good 
organic removal efficiency than other conventional municipal wastewater treatment systems. 
 
Parameters 
(mg/L)  
   Municipal     
wastewater 
(mg/L) 
 
UASB-
DHS       
eff. 
 (mg/L) 
UASB-DHS-A2SBR 
 eff. 
(mg/L) 
UASB-DHS 
removal  
rate 
      (%) 
UASB-DHS-
A2SBR 
removal 
rate 
           (%) 
SS 109 ± 64 
(83 ± 24) 
14 ± 19 
(22 ± 15) 
21± 32 
(14 ± 11) 
86 ± 5 
(69 ± 4) 
79 ± 10 
(83 ± 6) 
 
Total CODCr 318 ± 108 
(295 ± 97) 
41 ± 32 
(64 ± 35) 
42 ± 41 
(28 ± 12) 
87 ± 5 
(78 ± 3) 
86 ± 5 
(91 ± 2) 
 
Total BOD5 
 
 
278 ± 12 
(128 ± 55) 
7 ± 7 
(15 ± 10) 
7 ± 11 
(15 ± 8) 
97 ± 2 
(88 ± 2) 
97 ± 3 
(88 ±1) 
 
Note: Values in parenthesis represent winter readings. 
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Fig. 5.4. Time series of (A) ambient temperature recorded during the study, (B) SS 
removal rate, (C) total CODCr removal rate and (D) total BOD5 removal rate 
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5.2.2 Performance of A2SBR for nutrient removal  
The nutrient removal efficiency of UASB-DHS was improved after the introduction of 
A2SBR. The nitrogen and phosphorus removal efficiency of A2SBR directly depended  on 
DHS effluent. A2SBR showed 52% of average phosphorus removal in both seasons and 
showed no distinct difference in the two seasons. However, TKN and NH4+
 
removal rates  in 
summer were 92% and 88%, respectively, and during winter the removal rates dropped to 
37% and 41%, respectively, which are almost half of the summer performance rates. This 
could be attributed to the effect of temperature in the activity of nitrifying bacteria which 
drops sharply below 15°C. The optimum temperature for their growth is within the range of 
15°C-30°C (Shammas, 1986).  
5.2.3 Effect of pH and COD/P on the performance of A2SBR  
The pH of a combined biological nutrient removal system requires that it be carefully 
monitored, as the various processes, such as, nitrification, denitrification, P-release, and P-
uptake, have specific pH ranges within which they can be optimized. It has been found that 
variation of pH in the denitrifying phosphorus removal process, which introduces 
denitrification to the phosphorus uptake period is much more complicated than the 
conventional  EBPR process. The result was consistent with the previous investigations, in 
which it was presumed that interpretation of pH influence on the energy need for acetate 
uptake was on account of the increasing electrical potential differences across the cell 
membrane with increasing pH (Lee et al ., 2001; Sormet al ., 1996). Also, Kaback (1976) and 
Baronofsky et al .(1984) illuminated the detailed mechanism of the influence of pH, which 
contributed to the anaerobic P-release/ acetate increasing with pH. Wang et al., 2006 reported 
that the pH above 8 caused the phosphate chemical precipitation. Therefore, the pH of the 
system was strictly controlled below 8 to avoid any precipitation. Similarly, Wang et 
al.(2012) proposed that maintaining COD/P to 20 promoted anaerobically synthesized PHA 
amount and attained the maximum P removal efficiencies in the system. 
 
Moreover, at the initial start-up period, pH and COD/P ratio varied and it was noticed that 
both nitrogen and phosphorus removal were unstable and unsatisfactory as indicated in Fig. 
5.5. On day 195, pH was maintained to 7.4 ± 0.2 respectively, which showed  phosphate 
concentration as low as 1 mg-P/L. With the influent phosphorus concentration of 1.9 mg-P/L- 
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9 mg-P/L without any external aeration the average removal rate was 76%. The optimum pH 
condition was maintained slightly alkaline in reference to Liu et al. (1996) who reported that 
an acidic pH has negative effect on both acetate uptake and P-release in anaerobic stage 
whereas alkaline pH tends to inhibit the uptake of acetate and stimulate P-release.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.5. Time series of nitrate and total phosphorus concentration showing effect of  pH control in the system 
 
Similarly, the influent concentration of 9.2 mg-N/L - 25.5 mg-N/L was treated to as low as 5 
mg-N/L delivering an average removal rate of 82%. This is due to the fact,  that the optimum 
pH for the denitrification is between 7.0 and 8.0 (Tchobanoglous et al., 2003) and henceforth 
the optimum pH of 7.4 ± 0.2 was maintained throughout the study.  
Meanwhile, the behavior of microorganism responsible for nutrient treatment was also 
studied for better understanding of this system. Thus, the profiling data of day 475 was taken 
as shown in Fig. 5.6. The microorganisms responsible for phosphorus removal in this process 
were  mostly considered as DNPAOs since other PAOs cannot thrive under simultaneous 
anaerobic and anoxic conditions. Within 90 min of the anaerobic phase, on one hand, there 
was gradual decrease in carbon concentration from 126 mg/L to 24 mg/L while on the other 
hand there was increase of phosphate concentration from 3.8 mg-P/L to 36 mg-P/L. During 
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this process, the CODCr uptake and phosphate release ratio was 0.8.  This value was in 
agreement with the range suggested by Lui et al. (1997), i.e. 0.04-1.32, depending on the 
content of phosphorus in microorganism. While in the anoxic phase, after the addition of 
nitrate-rich DHS effluent, the amount of phosphate uptake and nitrate removal was measured.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 5.6. Profile of the concentrations of nitrite, nitrate, phosphate and COD during one cycle of A2SBR 
operation 
However, in winter season from day 301 to day 436 when temperature dropped to 11°C, 
nitrification rate significantly decreased in DHS. Thus, external nitrate source (NaNO3) was 
added in DHS effluent before feeding into A2SBR to ensure that the nitrate requirement for 
anoxic phase was met. As the reactor was configured airtight, it was obvious that nitrate acted 
as the electron acceptor. Eventually, the final effluent showed nitrate and phosphate 
concentrations of  7 mg/L and 1 mg/L, respectively. The results clearly exhibited phosphorus 
uptake with denitrification, which is the requisite characteristics of DNPAOs. Hence, it can  
unanimously be propounded that DNPAOs presented a good phosphate and nitrate  removal 
ability in this system. Yet, this system is highly beneficial for lowering aeration. 
5.2.4 Nutrient removal and recovery from A2SBR sludge  
A2SBR performance shows that phosphate as phosphorus nutrient can be recovered from the 
sludge. While phosphorous nutrient is an agricultural fertilizer its recovery can be seen as an 
important alternative source from the domestic wastewater treatment plants. With the average 
influent sewage concentration of 4.3 mg–P/l total phosphate, the sludge concentration 
showed the average concentration of 111 mg-P/l as P at the end of the process phase. The 
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A2SBR sludge showed the highest concentration of total phosphate as P amongst all the 
combined system as shown in Fig 5.7. This enriched sludge of phosphorus can be a valuable 
resource for use in agriculture.  
 
 
 
 
 
 
Fig. 5.7. Total nitrogen and total phosphorus removal in A2SBR 
 
5.3 Conclusions 
The overall performance of the integrated system of UASB-DHS-A2SBR demonstrated good 
organic removal rates for municipal wastewater. The average SS, CODCr and BOD removal 
rates of 86%, 87% and 97%, respectively, were obtained from UASB-DHS in summer. The 
average winter values for the same parameters were 69%, 78% and 88%, respectively. The 
TKN and NH4+
 
removal rates in summer were 92% and 88%, respectively, and during winter 
the removal rates dropped to almost half  the summer performance rates: 37% and 41%, 
respectively. When the pH was 7.4 ± 0.2  and COD/P was 20, phosphorus removal as low as 
1 mg-P/L was achieved and nitrate  in effluent remained less than 5 mg-N/L throughout the 
operation. Correspondingly, 76% of phosphorus and 82% of nitrogen were also achieved. 
Thus, the combination anaerobic/anoxic systems unambiguously ensures no aeration 
requirement, low cost, less excess sludge, less area requirement with efficient nutrient 
removal capacity. The remarkable finding of this study was that the final effluent 
characteristics correspond with the discharge standards of municipal wastewater too. 
Therefore, this proposed system could be a good solution for the present prevalent 
wastewater treatment problems due to its effective organic and nutrient treatment, especially 
in hot climate zones. 
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CHAPTER VI 
PATHOGEN QUANTIFICATION OF DHS AND COMPARISON WITH 
ACTIVATED SLUDGE SYSTEM 
6. Introduction  
Innumerable human microbial pathogens are present in sewage and may be considered as 
environmental contaminants. One of the major cause of water pollution is the haphazard 
discharge of sewage and industrial effluents into the water bodies. Particularly in developing 
countries, due to  lack of financial and technological resources, lower level of sanitation and 
less public awareness, waterborne diseases have been creating a havoc.Thereafter, many 
researches and findings have advanced  the knowledge of wastewater treatment. Wastewater 
offers a rich source of water that could solve the water crisis problem evolving with the time. 
Wastewater reclamation and reuse is interestingly being viewed as an economically and 
socially viable enterprise. However, the health risks for the public from wastewater can come 
from microbial pathogens  toxic heavy metal and chemicals. WHO (2008) has reported that 
improving the water quality can reduce global disease burden by approximately 4%. 
Therefore, there is an urgency to undertake all possible efforts to reach this goal. 
 
It is estimated that there are 1407 species of pathogens infecting humans, including  538 
species of bacteria, 208 types of viruses, 57 species of parasitic protozoa and many fungi and 
helminth species (Woolhouse 2006, Bitton et al., 2014). Literature reviews have already 
addressed the indicator organisms (TC, FC, bactreiophages) and protozoans and other 
microbial communities existing in DHS system. However, there have been many reports 
about the non fecal origin of microorganisms might also be present in wastewater. In this 
case, the currently used fecal detection methodologies seem inadequate and unreliable. This 
indicates that the direct detection and quantification of multiple pathogens in wastewater is 
necessary for understanding the risk of these on human health than the commonly used 
indirect methodologies. Therefore, we attempted to detect and quantify the multiple 
pathogens existing in settling tank and DHS system along with ASP. Further, the culture 
method and molecular  quantification methodologies were also compared for the 
quantification of pathogens. 
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6.0.1 Pathogens detection tools 
These monitoring or detection objectives are not necessarily congruent (Straub et al., 2003). 
In recent years, the application of molecular techniques have been applied to the detection of 
microbial pathogens to the identification and enumeration of organisms from water, food, 
clinical, and environmental samples (Straub et al., 2003). Molecular techniques for the 
specific detection and quantification of bacterial pathogens also offer several advantages over 
conventional methods.The current techniques that have been implemented for the waterborne 
micro-organisms in different studies are shown in table 6.1. 
 
For these newer indicators/pathogen assays to be effective, approaches with high specificity, 
sensitivity and throughput are needed. PCR-based methods are useful for initial screening, 
due to their high sensitivity, specificity, and throughput (Kuiper et al. 2006, Valster et al. 
2009; Ahmed et al. 2010; Wang et al. 2012) compared to traditional culture-based and 
microscopic methods (Carvalho et al. 2007). 
 
Thus, qPCR is commonly used method to characterize and quantitatively estimate 
populations in aquatic environments (Calvo-Bado et al. 2003, Carvalho et al. 2007; Wery 
et al. 2008), although some free and dead cell DNA could be also amplified, leading to over-
estimating potential risks (Fields et al. 2002, Lee et al. 2011). Table 6.2  shows few examples 
of use of Taqman qPCR for wastewater pathogens. 
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Table 6.1  Summary of current methods for bacteria detection 
 
 
 
Technique  Benefits Limitations Examples of usage 
Microscopy  Fast direct observation of 
microbial cells 
Majority of bacterial 
population cannot be 
identified 
Association of filamentous 
bacteria with sludge bulking 
(Eikelboom, 1975; Seviour et 
al., 1997) 
Media- based methods Easy to perform Majority of bacteria 
cannot be easily 
cultivated on general 
purpose media 
Concentration of both bacterial 
and bacteriophage indicators 
(Longares et al., 2008) 
Denaturing gradient gel 
Electrophoresis 
(DGGE) 
Culture - independent 
suitable for analysis of a 
wide range of 
microorganisms, Use of 
rRNA gene sequence 
heterogeneity 
DNA extraction and PCR 
biases, Not quantitative, 
Specificity can be a issue 
because of short target 
sequences 
Succession of bacterial 
population (Simpsons et al., 
2000) 
Terminal-restriction 
fragment length 
polymorphism (t-RFLP) 
Culture - independent 
suitable for analysis of a 
wide range of 
microorganisms,Fast and 
Semi-quantitative 
DNA extraction and PCR 
biases 
Bacterial cmmunity 
composition from sewage 
treatment plants (Hiraishi et 
al., 2000) 
Fluorescent In Situ 
Hybridization (FISH) 
Quantitative Inactive cells may not be 
detected 
Bacterial community 
composition from sewage 
treatment plants  (Ibekwe et 
al., 2002) 
PCR Rapid and simultaneous 
detection of target micro-
organisms  
Infectivity of the 
pathogen or the indicator 
detected or the level of 
risk for the population 
Bacterial community structure 
and diversity in desalination 
plant (Belila et al., 2016) 
Nucleic acid 
microarrays 
High throughput design  Low sensitivity for 
environmental samples  
Pathogens detection in water 
(Straub and Chandler , 2003) 
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Table 6.2 Literature showing the use of TaqMan probes for different pathogens in water and wastewater 
	
 
	
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
For our study, we have chosen quantitative polymerase chain reaction. qPCR enables 
quantification of DNA targets by monitoring amplified products during cycling as indicated 
by increasing fluorescence.  
 
The use of intercalating dyes allows the reaction kinetics (of the elongation step) and the 
amplicon melting point (Tm) to be determined easily. The intensity of the fluorescence 
emitted during the reaction shows the amount of DNA product formed. In general, both PCR 
and amplified product detection are considerably faster than the conventional detection 
methods (Toal et al., 2009, Yanagihara et al., 2010). This methods has revolutionized the way 
of pathogens detection in wastewater. It provides high sensitivity and specificity, faster rate 
of detection, minimizes the risk of cross-contamination, and there is no need for a post-PCR 
analysis.  
 
Bacteria  
Types of 
samples  
Concentration References 
E.coli 
Raw sewage  7 GC logs/100 ml Shannon et al. 
(2007) Effluent  3 GC logs /100ml 
Enterococcus Lake water  3 GC logs/ 100ml 
Lavender and 
Kinzelman 
(2009) 
Raw sewage  4 GC logs/ 100ml Shannon et 
al., (2007) Effluent 3 GC logs/ 100ml 
V. vulnificus Seawater  
Between 2 and 91 cells / 
100 ml 
Wetz et al.     
( 2008) 
L. monocytogenes  
Raw sewage  3 GC logs/100ml Shannon et al. 
(2007) Final effluent Absence  
C. perfringense 
Raw sewage  5 GC logs/ 100ml Shannon et al. 
(2007) Final effluent 3 GC logs/ 100ml 
Salmonella spp. Compost 5.6 GC logs/100ml 
Novinscak ey 
al. (2007) 
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6.1 Materials and Methods 
6.1.1 Study Area  
This study was performed in Nagaoka Sewage Treatment Facility in Nagaoka , Japan. A pilot 
scale settling tank and DHS of respective volumes 1148 L with 8.2 HRT and 857 L with 3.2 
HRT was selected which is in operation for a decade now. The samples were collected from 
the parallel operating  conventional type of ASP.  
 
6.1.2 Microbiological analysis 
6.1.2.1 Sample concentration 
The samples were collected in the sterile plastic bottles from, sewage (200 ml),  Settling tank 
(200 ml), DHS (500 ml) and ASP tank effluent (1 L). The samples were concentrated by 
centrifugation at 10000 × g  for 15 min at 4oC and the pellet was resuspended in phosphate 
buffer solution (PBS).The washing step was repeated three times. The harvested and washed 
cells were resuspended in 1 ml of PBS and stored in -80oC till DNA extraction.  
 
6.1.2.2 Microbiological analyses  
  The microbial populations were measured by the two techniques; 
 
 A. Colilert Method : The samples were analyzed within 6h of the sampling. The analyses 
were carried out according to the manufacturer`s protocol for the indicator organisms; Total 
coliforms (TC) and E.coli routinely. (Colilert-18_product insert, IDEXX Laboratories, 
Westbrook, ME).  Following incubation, Quanti-Tray/2000 wells were read for yellow color 
indicating ONPG hydrolysis and fluorescence indicating MUG cleavage, with the aid of a 
UV light box (366 nm). The number of wells producing blue fluorescence was compared to 
the manufacturer provided most probable number (MPN) table to elicit E. coli concentration 
as MPN/ 100 mL according to previously established laboratory protocols.  
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 B. Molecular method : For molecular approach, qPCR was employed. 
 
DNA extraction 
DNA extraction was performed by using  a FastDNA SPIN Kit for Soil (MP Biomedicals, 
Eschwege, Germany) according to the manufacturer`s protocols. The DNA concentration was 
quantified using Nanodrop 2000c (www. nanodrop.com, Wilmington, DE 1981, USA) and 
expressed as ng/ ml. All DNA samples for the standard curves were tenfold serial diluted 
using easy dilution for real-time PCR (Takara, Japan). DNA samples were conserved at 
−80 °C until the downstream qPCR assay. 
 
The eight bacterial strains for this study has been adapted from the study by Ishii et al., 
(2013). All the primers and TaqMan probes were purchased from Universal Probe Library 
Assay Design Center (Roche). The details on the primers and probes for the chosen bacterial 
strains are described previously by Ishii et al. (2013) and given in Table 6.3. qPCR was 
performed using Light Cycler TaqMan Master (Roche) with a Light Cycler Instrument 3. 0 
(Roche Applied Science, Tokyo, Japan). The reaction mixture (20 µl) contained 5 × 
LightCycler TaqMan Master, 900nM of each forward and reverse primer, 400 n M UPL 
probe, and 2 µl of the DNA template. PCR was performed in duplicate in  the following 
conditions: initial annealing at 95°C for 10 min, followed by 40 cycles of 95°C for 178 10 s, 
and 60°C for 1 min. Eppendorf Research Pro was used to minimize the pipetting error.  
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Table 6.3 Primers for the detection of pathogens (Adapted from Ishii et al., 2013) 
 
 
 Standard Curves 
Standard curve were generated at each assay, using dilutions from genomic DNA or from 
PCR products of the target gene. Genomic DNAs from General E.coli was extracted using 
culturing in  E.coli broth. Other genomic DNA were obtained from Roche (Tokyo, Japan) 
and amplified by PCR. The PCR reaction mixture (20 µL) contained 2 µL template DNA 
(10ng/ µL), 0.5 µMforward and reverse primers, and 10 µLPremix Ex Taq Hot Start Version 
(Takara Bio Inc., Shiga, Japan). Amplification was performed using a thermal cycler 
(Applied Biosystems, Foster City, CA, USA) with the following conditions: 94 °C for 3 min; 
30 cycles of 94 °C (35 cycles for SAS) for 45 s, 50 °C for 60 s, and 72 °C for 90 s; and then 
final extension at 72 °C for 10 min. PCR The specific amplification was confirmed by 4% 
NuSieve 3:1 Agarose (TaKaRa) gel dissolved in SYBE Safe DNA gel stain 1×TAE 
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(Thermo Fisher). All gels also contained a 20 bp DNA marker (TaKaRa). The gels were run 
at 135 V for 15 mins and visualized under UV light to determine the sizes of the fragments. 
The PCR products were purified using the QIAquick PCR purification kit (QIAGEN). DNA 
was fluorometrically quantified using the PicoGreen double-stranded-DNA quantitation 
reagent (Molecular Probes, Eugene, OR, USA). Serial dilutions (100-106  copies/ µl) of DNA 
were used to construct the standard curve for qPCR. 
6.1.2.3 Profile of DHS along its height  
DHS consists of 10 boxes with randomly packed polyurethane sponges which has been 
explained in study by Kubota et al., (2014). For understanding the pathogen removal in DHS, 
the samples were collected from BOX 1, BOX 3, BOX 5 and BOX7 at different heights. For 
VSS analysis , 5-6 sponges were taken from each boxes and sponges were squeezed and 
washed by 1L - 2 L of distilled water. TC and E.coli as well as the targeted genes were 
quantified by the same method explained in previous section. 
 
6.1.2.4 Data Analysis 
The quantification cycle (Cq, also known as the threshold cycle, Ct) was determined using 
Roche Molecular Biochemicals Light Cycler Software Version 3.0. The standard curves were 
generated by linear regression analysis of the Cq values vs. the amounts of the template DNA 
(log copies/µl).The goodness-of-fit (r2=1) was calculated for each  linear regression. The 
amplification efficiency was calculated the Cq value using the standard curve. In order to 
confirm the significance of the target gene and the index microorganisms t-test at 5% 
significance level was done by using Microsoft Excel. 
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6. 2 Results and Discussions 
6. 2.1 Colilert Test results  
The time course of TC and E.coli expressed in MPN/100ml in sewage, settling tank, DHS 
system and activated sludge system for 450 days is shown in Fig 6.1.  The concentration of 
TC was 4.5 × 107 ± 2.6 × 107 MPN / 100 ml in the sewage, 2.1 × 107 ± 7.7 × 106 MPN / 100 
ml in the settling tank effluent, 2.6 × 105 ± 4.3 × 105 MPN / 100 mL in the DHS effluent and 
5.9 × 105 ± 6.1 × 105 MPN / 100 mL in ASP effluent.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.1. Time course of (A) TC  and (B) E.coli expressed in MPN/100ml in sewage, settling tank, DHS system 
and activated sludge system. 
 
Similarly, the average concentration of E.coli were 8.9 × 106 ± 4.6 × 106 MPN / 100 mL in 
the sewage, 4.5 × 106 ± 2.5 × 106 MPN / 100 mL in the settling tank effluent, 5.8 × 104 ± 9.8 
× 104 MPN / 100 mL in  DHS effluent and 1.1 × 105 ± 1.1 × 105 MPN / 100 mL in ASP 
effluent. The raw sewage has coliform concentration in the order of 107~106 MPN/100 ml. 
There was only 0.3 log removal of coliforms in the settling tank which is lower than the 
results presented in previous studies. The reason for less removal is the incapability of 
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anaerobic systems for coliforms as discussed by Tandukar et al. (2007). However, the results 
confirmed that the concentration of TC in DHS system was in the order of 104~105  MPN/100 
ml and E.coli was of 103~104 MPN/100ml. DHS presented 2.3 logs of TC removal and 2.4 
logs of E.coli. The removal observed in this study was similar to the order (1.1- 2.9 logs) as 
indicated by Twafik et al.(2011) for grey water treatment. On the other hand, ASP effluent 
showed 1.9 logs of TC removal and 2.0 logs of E.coli removal. Similar results were also 
revealed by Tandukar et al. (2007). However, TC removal by ASP in India studied by Tyagi 
et al.(2008) showed two times more removal ( 4.2 logs) than the result in our study. This 
reduction in the coliform removal was supposed to be the shorter HRT  (3.3 hr) in our study 
than Indian ASP (16-18 h). The result is in accordance with the studies Twafik et al.(2011) as 
longer HRT provides enough time to bacteria for attaching to the surface of flocs which can 
easily be clarified (Tyagi et al., 2008). The better removal of indicator coilforms in DHS than 
ASP has been justified by Tandukar et al.(2007). 
 
6.2.2  Quantification by qPCR 
The first four  samples collected on 2014/7/3, 2014/7/24, 2014/8/24 and 2014/9/5 were tested 
for the presence of pathogens. Before conducting qPCR, the bacterial strains and their 
respective primers suggested by Ishii et al. (2013) was used and PCR was performed. 
Thereafter, the presence of tested bacterial strains were confirmed by amplicon size from  gel 
electrophoresis. Out of 8 strains with 18 targeted genes tested, the targeted genes fstZ, uidA 
of E.coli, eaeA of EHEC strain, cpe and plc of C. perfringense were confirmed positive as 
shown in Table 6.4. The other bacteria species such as Shigella spp., Salmonella spp., 
Campylobacter jejuni, Legionella pneumophila and Listeria monocytogenes were not 
detected in the sample. In order words, only 5 targeted genes of 3 strains were detected 
positive. The concentration of five genes were regularly monitored and their concentration 
can be observed in Fig. 6.2. The overall removal performance of each treatment units were 
evaluated by comparing the effluent and influent concentrations. The results showed that 
6.8×106 ± 8.6×106 copies/L of fstZ in sewage was reduced to 6.8×106±8.6×106 copies/L by 
Settling tank, 7.3×104±1.7×105 copies/L by DHS and 8.7×104±1.7×105 copies/L by ASP. 
DHS and ASP exhibited 2.5±0.8 logs  and 2.3±0.7 logs  removal of fstZ. (Table 6.5) 
 
 94 
Table 6.4 Detection of the positive and negative bacteria stains in the sewage samples 
 
 
 
 
 
 
 
 
 
 
 
 
Similarly, 9.7×106±1.4×107 copies/L of uidA gene was removed to 5.2×104±1.1×105 copies/L 
by DHS system and 6.7×103±1.1×104 copies/L by ASP system. The magnitude of uidA 
removal by DHS and ASP were 2.8±1.0 logs and 3.3 ± 0.8 logs respectively. For eaeA gene 
sewage containing 4.3×106±1.1×107 copies/L was reduced to 1.3×106±2.1×106 copies/L in 
settling tank ,6.8×103±8.5×103 copies/L in DHS system and 1.9×104±2.5×104 copies/L in 
ASP system. DHS system showed 2.6±0.8 logs  of eaeA removal whereas ASP showed a 
decreased removal efficiency of 1.9 ±1.1 logs. Likewise, the concentrations of plc and cpe 
genes in sewage were 9.0×105±5.1×105 and 4.1×105±5.9×105 copies/L. The effluent from 
DHS showed the decrease in concentration to 2.1×104±2.6×104 and  1.1×104 ± 2.1×104 
copies/L respectively. ASP delivered effluent concentration of 7.8×103±1.2×104 and 
7.2×103±1.4×104 copies/L respectively. In the case of plc and cpe DHS displayed higher 
removal efficiency than ASP. 
 
The overall results shows that settling tank is not good at removing the  pathogenic gene from 
the wastewater. Among the quantified genes, DHS system and ASP system displayed the 
highest removal for uidA gene showing removal of 2.8 ± 1.0 log units. In thi study, 
concentrations of E.coli and EHEC showed difference of 10-fold. EHEC is one of the group 
of E.coli which has been supported by result by  Ishii et al. (2013) when fstZ and uidA were 
detected by inoculating samples with EHEC cells.  
  Target 
organism  
     Target gene  Sample (Sewage) 
2014/7/3 2014/7/24 2014/8/24 2014/9/5 Positive 
control  
General E.coli ftsZ -	 -	 -	 n n	
uidA -	 -	 -	 n	 n	
stx1 	 	 	 	 n	
stx2 	 	 	 	 n	
Shigella spp. ipaH7, 8 u	 u	 	 	 n	
ipaH all u	 u	 u	 	 n	
virA 	 	 	 	 n	
 Salmonella spp. invA u	 u	 u	 u	 n	
urC u	 u	 u	 u	 n	
Campylobacter 
jejuni 
cadF 	 	 	 	 n	
ciaB 	 	 	 	 n	
Clostridium 
perfringenes 
cpe 	 	 	 n	 n	
Plc n	 n	 n	 n	 n	
Legionella 
pneunophila 
mip 	 	 	 	 n	
Listeria 
monocytogenes 
iap 	 	 	 	 n	
hlyA 	 	 	 	 n		
- :No analysis      u:No specific bond        n:Positive  
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The presence of EHEC in our samples indicate that there is the contamination of cattles 
feceas as healthy cattles are primary reservoirs of this bacterium (Bettleheim et al., 2003). 
From the above data, DHS system showcased  better E.coli and EHEC removal than C. 
perfringense.  
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.2. Concentration of targeted genes in the samples; sewage and effluents of settling tank DHS system and 
ASP system. 
 
Gonnon et al.(1991) confirmed that the size of the microorganisms was reported to be largely 
responsible for penetration into the porous filter media. C. perfringenes bacteria has 
comparatively bigger size than  to E. coli  which thereby makes its penetration into the 
sponges difficult resulting into less straining through media which is an important mechanism 
in bacteria removal in porous media (Stevik et al., 2004; Tawfik et al. 2010). In addition, C. 
perfringenes is an anaerobic gram-positive bacilus found widely distributed in the 
environment and human gut. Unlike E.coli, toxicity of oxygen might affect C. perfringenes 
which has resulted its decrease in DHS (Cabral et al., 2010). Furthermore, ASP delivered 
higher E.coli removal than DHS system while DHS showed better removal performance for 
EHEC and C. perfringense. As ASP is located in the open area it was exposed to the external 
environment while DHS system was enclosed within the facility which could have resulted in 
solar disfection of ASP effluent. The findings by Alfaro et al., (2015) suggested that the 
E.coli is the most vulnerable to the solar disinfection than EHEC and C. perfringense due to 
this E.coli removal was observed higher in ASP than DHS system. 
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 In order to confirm the significance of each target gene number of DHS treated water and 
activated sludge method the treated water, t-test was carried out at 5% significance. As a 
result, p value of each target gene, 0.79 for fstZ, 0.25 for uidA, 0.18 for eaeA, 0.19 for plc 
and 0.44 for cpe. These values confirmed that there is no significant differences in the 
organisms present in DHS and ASP system at p> 0.05. Thus, it is suggested that DHS system 
in this experiment is likely to have the same or more pathogenic bacteria removal capability 
compared to the activated sludge process. 
 
Table 6.5 Summary of pathogens concentration quantified by Colilert and qPCR. 
 
Target Gene  
(Indicator 
microorganism) 
Sewage Settling 
Tank (S.T) 
DHS eff.  S.T- DHS 
system 
Removal for 
Sewage  
Activated 
Sludge 
Process 
E.coli  
(MPN/100 mL) 
8.9 x 106 ± 
4.7 x 106 
4.5 x 106 ± 
2.5 x 106 
5.8 x 104 ± 
9.8 x 104 
3.0 ± 0.8 log 1.1 x 105 ± 
1.1 x 105 
Total Coliform 
(MPN/100 mL) 
4.5 x 106 ± 
2.6 x 106 
2.1 x 107 ± 
7.7 x 106 
2.6 x 105 ± 
4.3 x 105 
2.8 ± 0.8 log 5.9 x 105 ± 
6.1 x 105 
ftsZ 
(copies/L) 
6.8 x 106 ± 
8.6 x 106 
5.4 x 106 ± 
7.7 x 106 
1.8 x 104 ± 
1.4 x 104 
2.5 ± 0.8 log 8.7 x 104 ± 
1.7 x 105 
uidA 
(copies/L) 
9.7 x 106 ± 
1.4 x 107 
4.5 x 106 ± 
6.8 x 106 
1.7x 104 ± 
2.7 x 104 
2.8 ± 1.0 log 6.7 x 103 ± 
1.1 x 104 
eaeA 
(copies/L) 
7.9 x 105 ± 
1.3 x 106 
1.3 x 106 ± 
2.1 x 106 
6.8 x 103 ± 
8.5 x 103 
2.6 ± 0.8 log 1.9 x 104 ± 
2.5 x 104 
plc 
(copies/L) 
9.0 x 105 ± 
5.1 x 105 
3.3 x 105 ± 
2.8 x 105 
2.1 x 104 ± 
2.6 x 104 
2.2 ± 0.7 log 7.8 x 103 ± 
1.2 x 104 
cpe 
(copies/L) 
4.1 x 105 ± 
5.9 x 105 
1.6 x 105 ± 
1.6 x 105 
1.1 x 104± 
2.1 x 104 
2.0 ± 0.8 log 7.2 x 103 ± 
1.4 x 104 
 
 
Tawfik et al.(2006) reported that  in DHS removal of fecal coliform improved significantly 
when the concentration of SS was low. Thus, for further understanding the effect of SS and 
VSS on the removal of targeted genes we applied the correlation analysis. Fig 6.3 shows the 
correlation between SS and VSS concentration with gene copies/L. From this analysis, it was 
observed that no significant correlation existed. The graphs show that fstZ, uidA and SS and 
the VSS concentration showed a positive value whereas eaeA, plc, cpe gene showed  
negative value. Therefore, it can be understood that E. coli removal can increase along with 
the removal of the SS and VSS . On contrary, removal of enterohemorrhagic E. coli and C. 
perfringens may not depend on the SS removal.  
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Fig. 6.3. Correlation between target genes and SS and VSS concentrations. 
 
6.2.3 Pathogen concentration in DHS along its height  
In order to understand how the pathogens are removed by DHS system, the analysis of 
effluent from each boxes were done. The profiling was done on December 9, 2015. The 
temperature recorded for sewage was 17.4 oC, settling tank was 16.8 oC and DHS was 15.6 oC. 
HRT of DHS was maintained at 6 h. Fig 6.4 (a) shows TC count for effluent and sludge and 
(b) shows E.coli count for effluent and sludge. It can be observed that there was a gradual 
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decrease in the concentration of TC and E.coli in effluent and sludge from top to the bottom 
of the reactor. VSS of the retained sludge sample also decreased in the same proportion. The 
difference of order 102 was seen in the TC concentration of effluent and sludge. On the other 
hand, the E. coli count in the effluent from each boxes and sludge samples showed a nearly 
equal concentration.  
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 6.4. (a) Concentration of TC in the effluent from each boxes studied and sludge along DHS against VSS 
concentration of total micro-organisms (b) Concentration of E.coli in the effluent from each boxes studied and 
sludge along DHS against VSS concentration of total micro-organisms 
 
Fig.6.5 shows the concentration of targeted genes such as (a) fstZ, show the (b) uidA, (c) 
eaeA, (d) plc and (e) cpe expressed in copies/L obtained from each boxes and retained 
sludge. Similar to the TC and E.coli, there was a decreasing trend from top to bottom in 
bacterial counts. The removal of bacterial strains were noticed more in retained sludge than in 
the effluent.The lower boxes showed the majority of pathogen removal which could be 
attributed to the stable concentration of retained sludge  in the lower part of DHS system 
(Onodera et al., 2013).This observation strongly agrees with the finding by Tawfik et al. 
(2010) suggesting that most of the pathogens are removed by adsorption in the sponges. 
Moreover, the predation by the presence of rich slow growing microfauna as reported by 
Onodera et al. (2013) also might have helped in the reduction of pathogen bacteria. Further 
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study in the detailed mechanism involved in the pathogen removal is required considering 
other important factors affecting its survival. 
 
 
 
Fig. 6.5. Profile of concentration of  targeted genes (a) fstZ, (b) uidA, (c) eaeA, (d) plc and (e) cpe along the 
height of DHS system 
 
6.2.4 Comparison of detection methodologies 
The pathogenic microbes were detected both by the culture method as well as modern 
molecular method. We compared the results of these two quantification methodologies and 
summarized in Table 6.5. For the comparison , we have chosen E.coli enumerated by Colilet 
method and expressed in MPN/100ml and fstZ and uidA copies number detected and 
quantified by qPCR. Since both the targeted genes, fstZ and uidA used in this experiment are 
obtained from same bacteria (E. coli) where fstZ is an essential cell division protein which 
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forms a contractile ring structure (Z ring) at the future cell division site and uidA gene is used 
for encoding a β- glucuronidase enzyme, the concentrations of these two gene targets were 
almost similar. Therefore, we can assume that 1 TC is almost equivalent to 1 fstZ or uidA log 
removal. 
 
The log removal rate of DHS treated water in this study for  E. coli gene (fstZ: 2.0 ± 1.7 log, 
uidA: 2.3 ± 2.1 log) and E.coli (2.2 ± 1.7 log) was obtained. On the other hand, qPCR results 
showed 101 orders higher number of copies compared to the number of E. coli by colilert 
method.. Our study is in accordance with the report by Haugland et al.(2005) for 
enterococcus, Ibekwe et al.(2004) for E.coli O157:H7 in soils and Ram et al.(2008) for river 
water samples where increases of up to one log unit in pathogen numbers using qPCR over 
colilert method was observed.The main reason for this difference could be modes of 
detection between the two methods. On one hand, colilert  is dependent on harvesting 
actively thriving viable cells, whereas qPCR methods simply require the DNA template for 
the assay to be present. The data of colilert analysis suggests that almost live bacteria has 
been removed in DHS system. Therefore, since the difference in bacterial numbers and the 
number of copies in the wastewater was observed, the elucidation of more detailed removal 
mechanism which can differentiate the live and dead cells is highly recommended. 
 
The differences may be related technology transfer to personnel with little or no molecular 
biology-based experience and chemical inhibition of the amplification (Nobel et al., 2010). 
As qPCR is increasingly becoming a popular tool for microbial community analysis and 
enumeration, more research must be undertaken. 
 
One of the widely used method to minimise the influence of dead cells or extracellular DNA 
on PCR-based microbial quantification methods isto treat samples with propidium monoazide 
(PMA)( Nocker et al., 2007). The PMA molecule is a PCR inhibitor which covalently binds 
DNA but is impermeable to intact cell membranes, effectively stopping the amplification of 
DNA targets from dead cells and extracellular DNA (Nocker et al., 2007; Nocker et al., 
2010). More researches for enumeration of pathogens in wastewater treatment should 
emphasize on the use of PMA to limit the detection to viable cells. The limitations of 
inhibition and detecting only viable cells when using genetic techniques is a feasible 
explanation for the discrepancy between qPCR and colilert method in our study. Though 
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qPCR method offered unique confounds when compared to colilert method, such as 
inhibition of reaction this study illustrates that for accurate quantification there is the need of 
utilizing qPCR methods with proper controls. 
 
6.3 Conclusion  
In this chapter, the removal capability of settling tank, DHS system and activated sludge was 
studied.The routine samples were taken for pathogen quantification by the application of 
culture methodology (colilert method) and molecular methodology (qPCR). In colilert 
method, TC and E.coli were enumerated whereas in qPCR the potential pathogenic bacterial 
strains suggested by Ishii et al. (2013) were used. Out of 18 targeted only five genes 
representing E.coli, EHEC and C. perfringense were detected and quantified in the influent 
and effluents of DHS system and ASP system. Settling tank showed poor removal efficiency. 
The removal rate obtained by DHS system for E.coli genes were 2.5±0.8 log (fstZ), 
2.8±1.0log (uidA), for EHEC was 2.6±0.8 (eaeA) and for Clostridium perfringense were 
2.2±0.7 log (plc) and 2.0±0.8 log (cpe). Similarly ASP system also delivered good removal of 
2.3±0.7log (fstZ), 3.3±0.8 log (uidA) , 1.9±1.1log (eaea), 2.4 ±1.2 log(plc) and 1.9 ±1.1(cpe). 
In this study, concentrations of E.coli and EHEC showed difference of 10-fold in DHS 
system. However, the removal rate of E.coli and EHEC by DHS and ASP were almost 
similar. Regarding, C. perfringense DHS system showcased  better E.coli and EHEC removal 
than C. perfringense.The reason for this difference was assumed to be the larger size of C. 
perfringense which resisted it to straining and adsorption in DHS sponges and resulted into 
higher concentration than E.coli. Furthermore, ASP delivered higher E.coli removal rate than 
DHS system owing to solar disinfection while DHS showed better removal performance for 
EHEC and C. perfringense owing to its adsorption and protozoa predation. 
 
When the two detection methodologies were compared, qPCR concentration results were 10- 
fold more than  for  colilert method for E.coli indicating the over estimation by qPCR due to 
the inclusion of dead cells and extracellular DNA. Since, the difference in bacterial numbers 
and the number of copies in the wastewater was observed, the elucidation of more detailed 
removal mechanism which can differentiate the live and dead cells is highly recommended. 
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Chapter VII 
DEVELOPMENT OF SLOW SPONGE SAND FILTER (SpSF) AS A 
POST-TREATMENT OF UASB-DHS REACTOR EFFLUENT 
TREATING MUNICIPAL WASTEWATER  TREATMENT  (In press ) 
7. Introduction 
Conventional wastewater treatment plants are designed for the removal of pathogens from 
wastewater but meantime they fail to do so and this matter is not much realized by most of 
the developing countries as well. Efficient removal of pathogens from wastewaters is a 
critical task, since sewage discharges may increase pathogen contamination of surface waters 
and result in waterborne infections. The cases of waterborne diseases are severe in the 
developing countries. It has been reported that about 35% of potential productivity of most of 
the developing countries are lost due to the water borne diseases through various modes of 
transmission (WHO, 2006) In and around four out of five cities in the developing world, 
wastewater in treated, raw or diluted form is used in irrigated agriculture (IWMI, 2010). 
Despite having small area in these countries, the farms are often specialized in producing 
huge quantity of perishable cash crops with a significant market share  and this have become 
a major source of disease transmission in most of the developing countries. (Raschid-Sally 
and Jayakody, 2008). 
 
The pace of innovation in the present wastewater industry for developing countries has 
elevated every year bringing new concepts and technologies (Reardon et al., 2013).The triage 
for selecting wastewater treatment plants for developing countries is still going on. In this 
context, the potential combination of up-flow anaerobic sludge blanket (UASB) and down-
flow hanging sponge (DHS) has been studied as an effective wastewater treatment system 
over conventional municipal wastewater treatment system (Tandukar et al., 2007; Onodera et 
al., 2013). This combined system exhibited good organic removal apart from being energy 
efficient and cost effective (Tandukar et al., 2007). However, treated wastewater after 
secondary treatments still contain pathogenic microbes and nutrients, which needs to be 
removed before reuse or discharging into the water bodies (Maunula et al., 2009). Previous 
studies on the overall performance of UASB-DHS system for nutrient removals were 
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disappointing even though coliform removal was achieved to some extent by biological 
phenomenon such as entrapment, predation and natural die off within DHS system (Tandukar 
et al., 2007). The present municipal wastewater treatment technology is in need of self-
sustaining system with competence to satisfy more stringent effluent discharge standards. 
From this standpoint, a tertiary treatment system is required after UASB-DHS process. In an 
attempt to develop the post treatment of UASB-DHS system, the most traditional, self-
sufficient biological method, slow sand filter (SSF) was chosen for this study. SSF is an 
economical option for people who are deprived of improved sanitation (WHO & UNICEF, 
2013).  
 
Studies have been done for SSF as a post treatment option for secondary effluents (Tyagi et 
al., 2009; Haig et al., 2011, Kauppinen et al., 2014). The attractive feature of SSF is its 
economic advantage due to requirement of less skilled manpower and maintenance over other 
tertiary treatment options (Langenbach et al., 2009). Therefore, SSF was selected as a tertiary 
treatment unit. This study is an attempt to develop and evaluate the performance of 
conventional SSF and a novel system called slow sponge sand filter (SpSF) as a post-
treatment of UASB-DHS system. Moreover, the microbial community analysis in the biofilm 
of SSF was done for further understanding the distribution of microorganisms in the filters 
and their role in the filter for coliforms and nutrients removal.  
7.1 Materials and Methods 
7.1.1 Design of slow sand filters  
Two laboratory scale slow sand filters were installed in Nagaoka Sewage Treatment Facility 
(Japan), after UASB-DHS system . The operational details of UASB-DHS system have been 
given in a previous study by Onodera et al. (2013). Both the filters were continuously 
operated for six months at ambient temperature ranging from 8ºC-22ºC. The filters were 
designed with the sorted sand sizes, gravels and activated charcoal. The DHS sponges were 
placed on the top of modified sponge sand filter (SpSF). The characteristics of sponge media 
used in these filters are described in previous studies (Onodera et al., 2013). Before 
introducing the sand media in the filter columns, it was properly washed with distilled water 
to remove mineral contaminants and dried at 105 oC for 24 h. The effective size and uniform 
coefficient of sands were determined by sand sieve analysis. This yielded four kinds of sands 
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of increasing effective size from fine to coarse. The bottommost part of SSF consisted of 2 
cm of underdrain glass balls. It was overlaid by each layer of 5 cm layer of 4.75 mm coarse 
gravel and 14.75 mm coarse sand followed by 1.18 mm fine charcoal. 0.15 mm of fine sand 
of 10 cm was placed at the top. SpSF was also designed with same underlying materials 
except the top layer that was replaced by 5 cm of fine sand and 6 cm of DHS sponges (Fig. 
7.1).  
 
The effective size and uniform coefficient of fine sand were 0.22 mm and 1.95 mm 
respectively. The top of the filter was covered with plastic nets to prevent from flies. The 
influent of sand filters was homogenously mixed DHS reactor effluent. DHS reactor effluent 
was stored in a tank temporarily and then supplied to the sand filters with the help of 
peristaltic pump.  
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.1. Schematic diagram of two laboratory  scale slow sand filters installed in Nagaoka   Sewage treatment 
plant. 
 
Since, filtration rate control is the key element in operation of filters, three different hydraulic 
loading rates (HLR) were tested during the start-up. The hydraulic load of the filter varied 
between 0.6 m/h to 0.9 m/h. Later, HLR was set to 0.9 m/h for both filters. During the study 
period, the top layer of filters were scrapped only once and the operation was terminated.  
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7.1.2 Analytical methods 
 A. Physical and Chemical parameter analysis  
 
Most of the analytical methods of physical and chemical parameters were conducted as per 
the Standard methods for waste and wastewater examination (22nd edition) and Japanese 
sewage analysis standard. BOD was measured by dilution method using a Dissolved oxygen 
meter for DO0 and DO5 measurement. Chemical oxygen demand was analyzed by HACH 
DR/5000 Spectrophotometer. The Total Kjeldahl Nitrogen was analyzed by acid digestion 
and colorimetric reading in HACH DR/5000.TSS was measured by 105℃ and VSS at 500℃. 
High Performance Liquid Chromatography (HPLC) was used to analyze the cations (NH4+) 
and anions (NO2- , NO3 
-  , SO42). 
B. Bacteriological determination  
 
The coliforms in the samples were detected by Colilert method (Colilert 24 -IDEXX, 
Chalfont St Peter, U.K.).Sample is collected in sterilized disposable bottles and was partially 
filled for mixing the sample prior to analysis. Sample holding time is 6 hours and it is cooled 
in the ice-box below 4°C.  
Scope and Applicability  
The Colilert Quanti-Tray 2000 method, approved by the United States Environmental Protect 
Agency in 2000, describes the process for the collection and analysis for the quantification of 
Total coliform and E. coli bacteria in water samples. The detection limit for this test ranges 
from 1 Most Probable Number (MPN) per 100mL of sample to >2419.6 MPN per 100mL 
sample. This method is summarized in Fig.6.2. 
 
Instrument Calibration and Standardization 
The incubator and program is set up and the temperature is set  to 35 ± 0.5°C. Then at first 
Quanti-Tray Sealer  is turned on and allowed to warm up until it indicated green light and 
180℃.  
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Summary of Procedure  
Waste water samples are collected in sterilized 50 ml disposable tubes. One packet of Colilert reagent is put into 
each 100mL diluted samples and  shook  to dissolve completely. Samples are transferred to Quanti-Trays/2000 
and sealed using the Quanti-Tray sealer. The samples are then incubated at 35 ± 0.5°C for 24 -28 hours. A color 
change from clear to yellow observed under ambient lighting indicated the presence of Total coliform bacteria 
and fluorescence under UV lighting of the same wells indicated presence of E. coli. Counts of small and large 
yellow and fluorescence wells are used in conjunction with the IDEXX MPN table to determine number of each 
type of bacteria. Results are reported as MPN/100mL.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7.2. Methods of use colilert for coliform detection 
 
Interpretation  
When reading the trays, the results are contrasted with the Colilert Comparator, which 
showed the lowest level of yellow and fluorescence that is considered positive for total 
coliform and E. coli, counts. The  number of large and small wells that are yellow under 
normal lighting are recorded. The yellow color is indicative of the presence of total 
coliforms.  When the sample is yellow but lighter than the Comparator, then it needed to be 
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incubated for 4 more hours (a total of 28h). The trays are re-read. If the same color 
intensified, it is considered positive for total coliforms. If the color did not intensify, then it is 
considered negative. When the yellow wells are present, the same wells are checked for 
fluorescence by using the UV light. UV light was hold 5 inches from the tray. The number of 
blue fluorescent wells, both large and small is counted. Blue fluorescent wells are indicative 
of E. coli and finally the combinations with the Colilert chart is compared. 
 
Computing and Recording of MPN 
Coliform density is computed in terms of the Most Probable Number by using MPN table. 
When the sample volumes used are those found in the tables, the value corresponding to the 
number of positive and negative results in the series is reported as the MPN/100 mL. In 
cases, when the series of decimal dilutions is different from that in the table, MPN value is 
selected from the table for the combination of positive tubes and calculated according to the 
following formula: MPN value(from table) x (10/largest volume tested) = MPN/100mL. 
7.1.3 Microbial community analysis 
The coliforms removal efficiency achieved by slow sand filter is partly explained by the slow 
filtration rate and fine effective size of the sand, but is also attributed to biological processes 
in the layer of slime material that accumulates above the sand surface (schmutzdecke) and 
within the upper layers of the sand bed. Most of the purification occurred at or about the 
surface sand layer in the mixture of humus, sand, algae, protozoa and metazoan referred as 
the “filter-skin schmutzdecke”. In porous media coated with biofilm, the transport and 
retention of bacteria may be influenced by the presence of a biofilm bacterial community and 
the physical and chemical nature of the biofilm ( Chabaud et al., 2006).Bacteria community 
analysis were investigated in the schmutzdecke, a biologically very active layer on top of the 
both sand filters and treated effluent from DHS system. The microbial biofilm samples were 
obtained from scrapping the top layers of both the filters during the process of maintenance 
and 2L of DHS effluent. The samples were centrifuged at 10,000 g, 4 oC. The pellets were 
gently washed with 1 × phosphate buffered saline and stored at -20oC until DNA extraction. 
DNA was extracted by using Fast DNA Spin Kit for Soil (MP Biomedicals, Santa Ana, CA, 
USA) following the manufacturer’s instructions.  
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DNA was used for PCR amplification, and massively parallel 16S rRNA gene sequencing 
was performed by Miseq reagent Kit v2 with Miseq System (Illumina Inc. San Diego, CA, 
USA). Data were analyzed according to the method described by Kuroda et al. (2015). 
7.2 Results and Discussion 
The goal of this work was to develop and compare SSFs suitable for post treatment of UASB 
- DHS system. The performance of filters in terms of organics, nutrients and coliform 
removals were studied in winter and summer seasons. The seasonal study on the performance 
of filters is important since the microbial purification efficiency is vulnerable to the changing 
temperatures (Kauppinen et al., 2014). The organic carbon removal efficiencies were 
measured in terms of TSS,  BOD5 and CODCr. 
7.2.1. Total Suspended Solids Removal  
The concentration of organic matter was observed higher in winter season than in summer as 
shown in Table 7.1. The concentration of total suspended solids (TSS) in the influent of 
UASB-DHS  system was 89 ± 32 mg/L and 70 ± 27 mg/L in winter and summer seasons, 
respectively. Lesser concentration of TSS can be attributed to the higher dilution of 
wastewater due to daily activities in summer. Average SSF and SpSF effluent concentrations 
of 1-3 mg/L were significantly lower than influent concentrations (min: 43 mg/L and max: 
121 mg/L) in both seasons. As expected, no differences were found between the effluent TSS 
concentrations of both the filters. However, from the start-up of the filters until day 12, TSS 
removal in SSF was fluctuating (min: 48% and max: 81%) whereas SpSF was stable (above 
70%) (data not shown). After day 70 of operation, biofilm stabilized and consequently both 
the filters showed better TSS removal. Both the filters exhibited average TSS removal of 
98% in winter and 97% in summer. An average TSS removal in our study was almost same 
as reported by Tyagi et al. (2009).  
7.2.2. Total BOD5 and CODCr removal 
The observed total CODCr removal efficiency for SSF was 92 ± 3% in winter and 95 ± 3% in 
summer with corresponding average COD concentration of 29 ± 9 mg/L and 14 ± 8 mg/L, 
respectively. Similarly, the average COD removal of SpSF in summer and winter was 95 ± 
3% and 96 ± 3% respectively. Both SSFs were found efficient in COD removal in summer. 
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While BOD concentration and removal efficiencies of both filters did not show much 
difference. At the end of the filter run, the average total BOD5 of both the filters was lower 
than 5 mg/L in both seasons which is almost three times lower than the permissible limit of 
15 mg/L (Okada et al., 2000). It also revealed that SSF and SpSF can produce excellent 
quality effluents with acceptable level of BOD5 discharge standard. It is noteworthy that the 
major part of organics was already removed by UASB-DHS system which has already been 
proven by previous studies. Moreover, the advantage of using sponges on the top layer of 
sand filter not only increased the surface area but also prevented the clogging of filters. SSF 
have been shown to operate for long periods of time without maintenance than other sand 
filters (Stuth, 1999). The low dosing frequency increases the duration of the endogenous 
decay phase. From a practical standpoint, biofilm decay is the justification for the common 
practice of removing a filter from operation when experiencing clogging. The resting period 
allows for endogenous decay and desiccation to partially recover the filter. Clogging in SSF 
was observed in  day 84 and in SpSF was day 102. Sponges used in SpSF have the advantage 
of low excess sludge production of 0.09 g- SS/g-COD favored by the endogenous respiration 
and 47 days of sludge retention time (Onodera et al., 2013). 
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Table 7.1. The average concentrations of Suspended Solids (TSS), Total Chemical Oxygen Demand 
(CODCr),Total Biological Oxygen Demand (BOD5),Total Nitrogen (TN) and Total Phosphorus (TP) in the 
influent and effluent of the treatment units and their removal efficiencies in percentage. 
 
	
 
Seasons
Days
Temp (oC)
Loading rate (m/h)
Concentration Removal Concentration Removal
Units mg/L % mg/L %
TSS  
Sewage 89 (32) 70 (27)
UASB-DHS eff. 35 (11) 61 (18) 15 (7) 79 (12)
SSF eff. 2 (1) 98 (2) 2 (1) 97 (1)
SpSF eff. 2 (1) 98 (1)  2  (1) 97 (2)
Total CODCr
Sewage 362 (47) 305 (46)
UASB-DHS eff. 71 (16) 80 (4) 32 (22) 90 (8)
SSF eff. 29 (9) 92 (3) 14 (8) 95 (3)
SpSF eff. 19 (10) 95 (3) 11 (8) 96 (3)
Total BOD5
Sewage 346 (113) 288 (131)
UASB-DHS eff. 8 (3) 98 (1) 7 (3) 98 (2)
SSF eff.  4 (2)  99 (1)  3 (1 ) 99 (1)
SpSF eff. 3 (2) 99 (1) 3 (1) 99 (1)
TN
Sewage 36 (6) 26 (11)
UASB-DHS eff. 22 (3) 39 (12) 14 (4) 46 (19)
SSF eff. 18 (4) 50 (13) 11 (3) 58 (20)
SpSF eff. 16 (5) 56 (13) 10 (3) 62 (19)
TP
Sewage 4.7 (2) 3.9 (3)
UASB-DHS eff. 4.0 (1) 15  (7) 2.5 (2) 36 (19)
SSF eff. 3.2 (1) 32 (12) 1.9 (1) 51 (18)
SpSF eff. 2.8 (1) 40 (14)  1.7 (1)  56 (20)
0.9 m/h
0-78
Winter
Below 15
Summer
79-189
15 - 22
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7.2.3 Nutrient removal  
In case of nutrient removal, the SpSF system showed higher nitrification affinity than SSF. In 
winter, the average total nitrogen concentration of SSF and SpSF effluent was 18 ± 4 mg/L 
and 16 ± 5 mg/L respectively. However, the corresponding total nitrogen concentration in 
summer decreased to 11 ± 3 mg/L and 10 ± 3 mg/L, respectively. The average total nitrogen 
concentration of SpSF effluent was within the permissible limit (Okada et al., 2000). 
Similarly, respective removal efficiencies of SSF and SpSF were 50 ± 13 % and 56 ± 13%, in 
winter whereas in summer, it increased to 58 ± 20% and 62 ± 19%. Besides, nitrite 
accumulation occurred in both the filters. In previous study, nitrite accumulation in SSF 
effluent occurred due to low carbon/nitrogen (C/N) ratio (Aslan and Cakici, 2007) and low 
total COD concentrations in SSF and SpSF influent, which indicates that the carbon source 
was insufficient for higher nitrogen removal. Total nitrogen removal by both filters improved 
in summer as compared to winter season. 
 
The average concentration of TP in SSF was 1.9 ± 1 mg/L and SpSF was 1.7 ± 1 mg/L in 
summer. The corresponding removal was 51 ± 18% and 56 ± 20%. The reason for the modest 
phosphorus removal could be limited phosphorus retention ability of the media used in this 
study. Therefore, for effective phosphorus removal efficiency, the incorporation of materials 
with a high affinity for phosphorus is necessary (Cucarella et al., 2009). Nevertheless, further 
emphasis on proper media selection as well as sufficient depth necessary would be required 
for better phosphorus removal as recommended by Langenbach et al. (2009). Even though 
the nutrient removal was not as effective as organic removal, the overall finding suggested 
that SpSF could likely be an appropriate post-treatment unit of UASB-DHS system in 
comparison with SSF if run for longer duration. 
7.2.4 Effect of seasonal variation on coliforms 
The effect of seasonal variation on the coliform removal in sand filters was investigated. 
From the start-up to day 78, the recorded temperature of influent (municipal wastewater) was 
below 15ºC (winter) and from day 79 to day 181 it rose above 15ºC (summer). The 
performance of the both SSFs exhibited the gradual decrease in coliform count. Both SSFs 
were found capable to remove 3.7 log units of total coliforms and 3.5 log units of E.coli 
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coliforms in winter. The influent concentration of coliforms was higher in the winter and 
reduced in summer. In winter, the average inflow concentration of TC and E. Coli were 8.90× 
104 MPN/100 mL and 2.21× 104 MPN/100 mL, respectively. However, the coliforms 
removal improved in summer. The average TC removal for SSF and SpSF were 4.2 logs and 
4.4 logs and corresponding E.coli removal were 4.0 logs and 4.1 logs, respectively.  
 
Eventually, SpSF exhibited the superior coliform removal than SSF in both the seasons. In 
summer, along with the increase in removal efficiency SpSF produced the effluent of TC and 
E.coli count averaging to 1.05×103 MPN/100 mL and 9.00 × 102 MPN/100 mL which was 
within the national effluent discharge standard (Fig. 7.3 ). Similar results were also reported 
by Kauppinen et al. (2014). Since the study was started in winter, it may be that the biofilms 
required for optimal purification were not sufficiently formed until the end of entire follow-
up period. Furthermore, in this study, when the biofilm scrapping was done, there was a drop 
of 2.0 logs coliform removal as well, which is in consonance with the work carried by  
Sanchez et al. (2006). 
 
 
Fig.  7.3.  The geometric mean concentration of Total coliform (TC) and E. coli are expressed in MPN/ 100 ml 
in (A) Summer and (B) Winter seasons. The boxes represent 50% of the data split by the median value and the 
vertical bars represent maximum and minimum values. The horizontal bold line represents river effluent 
discharge standard of 3000 MPN count /100ml (Okada and Petersons, 2000). 
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The superiority of SpSF over SSF could also be explained by its surface area. Studies by 
Langenbach et al. (2009) have confirmed that the removal of bacteria depends on the surface 
area of media used. Biofilm development was better in SpSF due to the larger surface areas 
by sponge media than sand, which favored better removal efficiencies. Moreover, the sponge 
media can also sustain diverse microbes by offering them proper niche for their development 
(Onodera et al. 2013). 
 
7.2.5 Bacterial community in biofilms of sand filters  
Our study envisaged that the pollutants removal were favored by activity of complex and 
specialized biomass existing in the biofilm and surface area of the media. Studies have also 
shown that microbial removal improved with proceeding biofilm maturation along with 
increase in the total surface area, which are favorable for microbe attachment (Heistad et al., 
2009). However, the exact function and activity of the individual organisms within a sand 
filter bed has not yet been ascertained due to its dynamic nature (Devadhanam et al. 2008). 
The biofilm environment is dynamic and constantly transforming as the DHS influent varies, 
biofilm develops, environmental conditions change and new organisms appears to dominate. 
This study was conducted to understand the microbial community structure in both SSFs. 
Using a 97% sequence identity cut-off , 2200–5300 operational taxonomic units (OTUs) were 
detected from DHS effluent, SSF, and SpSF samples by 16S rRNA gene analysis as shown in 
Fig 7.4.  
 
Based on Chao1 index, 2.1–3.5-fold higher OTU numbers were estimated in these samples. 
The sequencing depth of this study could cover most of the microbial community in the 
samples because of 91–93% good’s coverage. In order to investigate the interaction of 
microbial communities relevant to treatment of nutrients and coliforms, evaluation of the 
microbial community at the phylum level was done. Out of detected OTUs, the members of 
phylum Proteobacteria were the most predominant phylotypes and SpSF showed the highest 
detection rate of about 80% .The second and third predominant phyla were Bacteroidetes and 
Verrucomicrobia, respectively, which have been frequently observed in aerobic biological 
treatment systems such as sand filters (Hunter et al., 2013). 
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Fig. 7.4. Stacked bar plots depicting the average detection rate of all the phyla and classes of Proteobacteria 
present in SSF , SpSF and DHS 
 
In OTU level, (Fig 7.5) microbial community compositions of SSF and SpSF were clearly 
different from DHS effluent (Pseudomonas sp. was the most predominant phylotype in 
biofilms of both sand filters, which was identified as P.pohangensis strain H3-R18 
(NR_043730) at 100% identity (251/251bp) of 16S rRNA gene sequence. Genus 
Pseudomonas can generate the biofilm, and this biofilm has been reported to inhibit the 
growth of coliforms (Liu et al., 2007).  
 
 
 
 
 
 
 
 
 
 
 
Fig.7.5. Detection rate of 16S rRNA sequences at OTU level in SSF, SpSF and DHS Eff. 
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Besides, it is reported that some Pseudomonas sp. has heterotrophic nitrification and aerobic 
denitrification ability (Zhang et al., 2011). In this study, DO concentrations of DHS, SSF and 
SpSF effluents were 7.1 ± 0.9 mg/L, 6.2 ± 2.0 mg/L and 5.8 ± 1.8 mg/L, respectively, 
indicating that oxygen demand was sufficient for nitrification in both sand filters (Ruiz et al., 
2003) and have good potential to remove nitrogen if run for a longer time. The second 
predominant phylotype in both sand filters was uncultured Sinobacteraceae which is related 
to Steroidobacter denitrificans strain FS (NR_044309) at 94% identity (237/251 bp). S. 
denitrificans is chemoorganotroph, and can reduce nitrate to dinitrogen monoxide and further 
to nitrogen gas (Fahrbach et al., 2008). In addition, Dechloromonas sp. and Haliea sp. re 
denitrifers, which might also cause reduction of nitrate to nitrite in these sand filters (Lucena 
et al., 2010). It was assumed that the presence of these microbial communities and results of 
nitrogen removal indicated that the simultaneous nitrification- denitrification reaction 
occurred in both sand filters (Nakhla and Farooq, 2003).‘Candidatus Halomonas sp.’ was 
detected at 1.6% and 3.6% from SSF and SpSF, respectively.  
 
This microorganism is a polyphosphate-accumulating bacterium, which can utilize the 
acetate, propionate and ethanol as energy and carbon sources (Nguyen et al., 2012), 
suggesting that this microbe might have contributed to more phosphate removal in SpSF than 
in SSF showing 40 ± 14% in winter and 56 ± 20% of phosphorus removal during summer 
Presumably, controlling of optimal operational conditions such as carbon/nitrogen ratio and 
depth of both filters as discussed above might produce the desired results as suggested by the 
studies undertaken by Aslan and Cakici (2007). 
 
7. 3 Conclusions 
In this study, the performance of two types of sand filters (SSF and SpSF) for municipal 
wastewater treatment were investigated. The seasonal performance evaluation for six months 
demonstrated that the sand filter with additional sponge media; SpSF delivered better results 
than conventional SSF under warmer condition. SpSF produced good quality effluent in 
terms of organic and coliform parameters. During summer, SSF produced effluent with 
concentration of TSS, total CODCr and total BOD5 of 2 ± 1, 14 ± 8 and 3 ± 1 mg/L. The 
corresponding concentrations for SpSF were 2 ± 1, 11 ± 8 and 3 ± 1 mg/L. Regarding TN, 
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removal efficiencies of SSF and SpSF were 50 ± 13 % and 56 ± 13 %, in winter whereas in 
summer, it increased to 58 ± 20 % and 62 ± 19%, respectively. Both filters showed 
satisfactory phosphorus removal indicating the need of the further planning of filter depth and 
media. In other hand, average total coliform removal of SSF and SpSF re 4.2 logs and 4.4 
logs and corresponding E.coli removal were 4.0 logs and 4.1 logs, respectively. Majority of 
organic pollutant removal was done by UASB-DHS system and filters produced effluent for 
reuse purpose. Despite the change in the seasons, there was no striking differences observed 
in the organics removal. However, nutrient and coliform removal in SpSF was comparatively 
better than conventional SSF attributed by the increase in surface area of the sponges. 
Moreover, from microbial community analysis, it can be assumed that the members of 
phylum Proteobacteria were dominant communities in developed biofilms and might have 
played major roles for pollutants removal in both the filters. Moreover, the proper planning of 
the filter depth, media and long term run are needed to be extensively studied for further 
improvement in the performance of SpSF. Therefore, considering the above results, it can be 
concluded that SpSF outperformed SSF and could be proposed as an appropriate post-
treatment of UASB-DHS system in warm condition. 
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CHAPTER VIII 
8. Summary  
The entire research has been divided into two major studies as follows; 
 
Study-1 elaborates the sustainability assessment of UASB-DHS system and its comparison 
with other technologies prevalent in India.  
Study- 2 deals with the investigation of appropriate post treatment units for the effective 
nutrient and  pathogen removal. 
 
Brief summary of Study -1  (Chapter III) 
 
We assessed the sustainability study of the combined system of UASB-DHS and compared it 
with six different technologies all over India. The other treatment systems included widely 
operating sewage treatment plants like trickling filters (TF), sequencing batch reactor (SBR), 
moving bed biofilm reactor (MBBR), and upflow anaerobic sludge blanket (UASB) with 
post-treatments such as final polishing ponds (FPU), extended aeration sludge process 
(EASP). The sustainability of all STPs were evaluated by using the assessment tool called 
“global sustainability indicator” which incorporated the composite indicators of 
environmental, societal, and economic dimensions. We adopted this methodology for our 
evaluation because it is an efficient tool which evaluates the global sustainability of STP 
technologies from a holistic approach inculcating the three main dimensions of sustainability. 
The economic dimension included the capital and O& M as indicators. Environmental 
dimension was expressed by quality of the effluent, sludge production and footprint of the 
plant. Similarly, societal dimension consisted of simplicity of the system, aesthetics, and 
public acceptance to technology.  
 
This is the first study which assessed the global measure of UASB-DHS system along with 
other six STPs in India. The individual sustainability dimensions also provided the 
sustainability profile of UASB-DHS system treatment technology. The global sustainability 
results reflected that environmentally and societally sustainable STPs were not economically 
sustainable and vice versa except UASB-EASP which was the least sustainable system in all 
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dimensions. UASB-DHS system was ranked undisputedly the most sustainable STP 
economically and socially. The overall comparative analysis exhibited that UASB-DHS 
system with the highest score of 2.619 in the global sustainability indicator is the most 
sustainable followed by EASP and MBBR with scores of 2.322 and 2.279, respectively. 
UASB-DHS was ranked first among all STPs on the basis of the global sustainability 
indicator assessment followed by EASP and MBBR as the second and third sustainable 
option for Indian STP. 
 
UASB-DHS system as a suitable and most sustainable technologies among others was further 
fortified by the sensitivity analysis. Out of seven scenarios investigated, five scenarios 
showed that UASB-DHS system is the most sustainable technology. When the economic and 
environmental dimensions were given extreme preference, the sustainable technologies were 
UASB-FPU and MBBR respectively. Based on the overall results of this evaluation, the 
global sustainability indicator was the highest for UASB-DHS system suggesting it could be 
the most sustainable and preferable solution for STP selection for India in coming days. 
Hence, this assessment would provide help to decision makers to choose the most sustainable 
and preferable technologies for India undergoing incessant water pollution problems. 
 
Brief summary on  Study -2 
 
To stay updated with the changing discharge standards and regulations, modification or 
addition of other treatment units to satisfy the requirements is inevitable. Here in this study, 
we focus more on the polishing of the UASB-DHS system effluent for nutrient and pathogens 
treatment. We proposed anaerobic/anoxic sequencing batch reactor (A2SBR) for nutrient 
removal and sponge slow sand filter (SpSF) for pathogens removal. The conclusions from the 
study are summarized as;  
 
Performance of A2SBR for nutrient removal of UASB-DHS effluent (Chapter V) 
 
The combined system of UASB-DHS has been well documented for its organic removal 
efficiency. Apart from organic removal, the other main objective of municipal wastewater 
treatment is to either strip the nutrients for discharge into surrounding bodies or to conserve 
the nutrient for the reuse in agriculture. In doing so, most wastewater treatment facilities need 
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to undergo significant modifications or addition of the tertiary treatment unit. As a solution to 
fulfill the imperative need of proper organic matter and nutrient removal technology, we 
require the tertiary treatment unit for well established UASB-DHS combined system. Despite 
having outstanding organic removal efficiency literary evidences shows that  nutrient 
removal efficiency needs to be upgraded by the addition of tertiary treatment unit. In this 
study anaerobic/anoxic sequencing batch reactor (A2SBR) has been proposed as a suitable 
post treatment unit for nutrient treatment.  
A2SBR is reported to remove nutrients, like phosphorus and nitrogen, effectively using 
denitrifying phosphorus accumulating organisms (DNPAOs) with less sludge production. 
The overall performance of the integrated system of UASB-DHS-A2SBR demonstrated  good 
organic removal rates of sulfate-containing municipal wastewater. The average SS, CODCr 
and BOD removal rates of 86%, 87% and 97%, respectively, were obtained from UASB-
DHS in summer. The average winter values for the same parameters were 69%, 78% and 
88%, respectively. The TKN and NH4+
 
removal rates in summer were 92% and 88%, 
respectively, and during winter the removal rates dropped to almost half the summer 
performance rates: 37% and 41%, respectively. When the pH was 7.4 ± 0.2  and COD/P was 
20, phosphorus removal as low as 1 mg-P/L was achieved and nitrate in effluent remained 
less than 5 mg-N/L throughout the operation. Correspondingly, 76% of phosphorus and 82% 
of nitrogen were also achieved. Thus, the combination of anaerobic/anoxic systems 
unambiguously ensures no aeration requirement, low cost, less excess sludge, less area 
requirement with efficient nutrient removal capacity. The remarkable finding of this study 
was that the final effluent characteristics correspond with the discharge standards of 
municipal wastewater. Therefore, this proposed system could be a good solution for the 
present prevalent wastewater treatment problems due to its effective organic and nutrient  
treatment, especially in hot climate zones. 
 
Pathogens quantification in DHS system and comparison with activated sludge system 
(Chapter VI) 
In this chapter, the removal capability of settling tank, DHS system and activated sludge was 
studied.The routine samples were taken for pathogen quantification by the application of 
culture methodology (colilert method) and molecular methodology (qPCR). In colilert 
method, TC and E.coli were enumerated whereas in qPCR the potential pathogenic bacterial 
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strains suggested by Ishii et al. (2013) were used. Out of 18 targeted only five genes 
representing E.coli, EHEC and C. perfringense were detected and quantified in the influent 
and effluents of DHS system and ASP system. Settling tank showed poor removal efficiency. 
The removal rate obtained by DHS system for E.coli genes were 2.5±0.8 log (fstZ), 
2.8±1.0log (uidA), for EHEC was 2.6±0.8 (eaeA) and for C. perfringense were 2.2±0.7 log 
(plc) and 2.0±0.8 log (cpe). Similarly ASP system also delivered good removal of 2.3±0.7log 
(fstZ), 3.3±0.8 log (uidA) , 1.9±1.1log (eaea), 2.4 ±1.2 log(plc) and 1.9 ±1.1(cpe). In this 
study, concentrations of E.coli and EHEC showed difference of 10-fold in DHS system. 
However, the removal rate of E.coli and EHEC by DHS and ASP were almost similar. 
Regarding,  C. perfringense DHS system showcased  better E.coli and EHEC removal than C. 
perfringense.The reason for this difference was assumed to be the larger size of C. 
perfringense which resisted it to straining and adsorption in DHS sponges and resulted into 
higher concentration than E.coli. Furthermore, ASP delivered higher E.coli removal rate than 
DHS system owing to solar disinfection while DHS showed better removal performance for 
EHEC and C. perfringense owing to its adsorption and protozoa predation. 
 
When the two detection methodologies were compared, qPCR concentration results were 10- 
fold more than  for  colilert method for E.coli indicating the over estimation by qPCR due to 
the inclusion of dead cells and extracellular DNA. Since, the difference in bacterial numbers 
and the number of copies in the wastewater was observed, the elucidation of more detailed 
removal mechanism which can differentiate the live and dead cells is highly recommended. 
 
Performance of SpSF for pathogen removal of UASB-DHS effluent (Chapter VII) 
 
With the motive to treat UASB-DHS effluent, different methods of wastewater disinfection 
were studied. After a thorough literature review, slow sand filters came into limelight as the 
most appropriate disinfection method as a tertiary treatment for the current system. In this 
study, two kinds of slow sand filters namely conventional slow sand filter (SSF) and 
modified slow sponge sand filter (SpSF) were investigated for the post treatment of up-flow 
anaerobic sludge blanket (UASB)-down-flow hanging sponge (DHS) reactor effluent. The 
seasonal variation did not show significant differences in removal efficiencies of both filters. 
However in summer, both filters were able to achieve high TSS and total BOD5 removal 
averaging to 97% and 99% respectively. Contrary to organic removal, total nitrogen removal 
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efficiency was satisfactory showing increased removal efficiencies averaging to 58% and 
62% for SSF and SpSF in summer. On the other hand, average total coliform removal of SSF 
and SpSF were 4.2 logs and 4.4 logs and corresponding E.coli removal were 4.0 logs and 4.1 
logs, respectively. From our observation, it could be concluded that the relative performance 
of SpSF for nutrient and coliform was better than SSF owing to effectiveness of sponge 
media over fine sands. Moreover, microbial community analysis revealed that the members 
of phylum Proteobacteria  were predominant in the biofilms of both filters which could have 
contributed for pollutant removal. Therefore, SpSF could be concluded as a suitable post-
treatment of UASB-DHS system in warmer conditions. 
 
In this study, for finding the most appropriate removal system performance study of two 
types of sand filters (SSF and SpSF) for municipal wastewater treatment were investigated. 
The pathogen removal efficiency of these filters were analyzed by the indicators like total 
coliforms and fecal coliforms. Both the filters were run in the same operating conditions for 
six months and regularly monitored. The seasonal performance evaluation demonstrated that 
the sand filter with additional sponge media; SpSF delivered better results than conventional 
SSF under warmer condition. SpSF produced good quality effluent in terms of organic and 
coliform parameters. During summer, SSF produced effluent with concentration of TSS, total 
CODCr and total BOD5 of 2 ± 1, 14 ± 8 and 3 ± 1 mg/L. The corresponding concentrations for 
SpSF were 2 ± 1, 11 ± 8 and 3 ± 1 mg/L. Regarding TN, removal efficiencies of SSF and 
SpSF were 50 ± 13 % and 56 ± 13 %, in winter whereas in summer, it increased to 58 ± 20 % 
and 62 ± 19%, respectively. Both filters showed satisfactory phosphorus removal indicating 
the need of further planning of filter depth and media. In other hand, average total coliform 
removal of SSF and SpSF  were 4.2 logs and 4.4 logs and corresponding E.coli removal were 
4.0 logs and 4.1 logs, respectively. Majority of organic pollutant removal was done by 
UASB-DHS system and filters produced effluent for reuse purpose. Despite the change in the 
seasons, there was no striking differences observed in the organics removal. However, 
nutrient and coliform removal in SpSF was comparatively better than conventional SSF 
attributed by the increase in surface area of the sponges. Moreover, from microbial 
community analysis, it can be assumed that the members of phylum Proteobacteria were 
dominant communities in developed biofilms and might have played major roles for 
pollutants removal in both the filters. Moreover, the proper planning of the filter depth, media 
and long term run are needed to be extensively studied for further improvement in the 
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performance of SpSF. Therefore, considering the above results, it can be concluded that SpSF 
outperformed SSF and could be proposed as an appropriate post-treatment of UASB-DHS 
system in warm condition. 
 
According to the observed results, both the post-treatment units delivered good results in 
warmer temperature. Therefore, it is suggested that implementation of these technologies are 
suitable for tropical countries.   
 
8.1 Recommendations for future research 
• Considering the comments and suggestions from the respected panel during final 
defense, it is highly recommended to find a common zone where these studies can be 
interlinked. The relationship between these studies will clarify which aspect should be 
given more priority for developing a sustianable sewage treatment plant. 
 
• Our assessment was conducted with the limited indicators for environmental 
dimension. Therefore, future works on the extensive study with addition of more 
indicators like nutrient pollutant removal or global warming would be interesting as 
by pointed out by Teodosiu et al.(2016). With further stringent discharge standards, it 
is anticipated that these secondary treatment plants would be needing some 
reformations as suggested by Sala et al.(2012). Henceforth, the process optimization 
or additional treatment process in the current treatment units depending on the 
pollutants to be removed could be a good solution (Metcalf and Eddy, 2003). It would 
be interesting to check the sustainability of the modified DHS reactor with other 
advanced technologies in near future.  
 
Limitations of this study  
 
• The limitation of this study is that the experiments were carried out independently 
during different time. It would be more fruitful, if one system can treat both pathogen 
and nutrients at the same time.  
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• Even though , SpSF was tested for nutrient removal and A2SBR for pathogen, results 
were modest. 
 
• However, further experiments are needed to be designed under different conditions 
for a longer duration to check its efficiency to treat the wastewater completely. 
 
Finally, there is a need of  economic evaluation of these systems as a combination for UASB-
DHS to propose it economically fit for developing countrie 
 
 
  
Appendices 
 
 
Appendix-1 Flow diagram of the visited STPs 
 
1) 5 MLD Upflow anaerobic sludge blanket – down-flow hanging sponge (UASB-DHS) 
 /  78 MLD Upflow anaerobic sludge blanket – final polishing pond (UASB-FPU) 
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2) 24 MLD Upflow anaerobic sludge blanket – extended activated sludge process (UASB-
EASP) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
3) 10 MLD Extended Activated Sludge Process (EASP) 
 
 
                           
 
 
 
 
 
 
 
 
 
4) 10 MLD Moving bed biofilm reactor (MBBR) 
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5) 27 MLD Sequencing batch reactor (SBR) 
 
 
 
 
 
 
 
6)120 MLD Trickling Filter  
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Appendix- 2 Rationale behind choosing the parameters 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
No.	 Parameters	 Reason	to	be	selected	and	Remarks	
1.1	
Per	MLD	Cost(INR/MLD)	e.g.	Here,	5%	is	price	escalation	assumed	per	year,	Base	Year-	2015	Cost of Const. Actual × 1+ 5% (!"#$ !"#$!!"#$%&'(%)"# !"#$)Design Flow (MLD) 	
Capital	 cost	 is	 one	 of	 the	 most	 important	factors	 to	 make	 decision	 for	 preparing	 the	project	budget.	Plant	size	will	be	considered	by	flow	 volume	 as	 MLD	 (design	 capacity)	 based	cost.	Also,	 price	 escalation	 shall	 be	 considered	 to	compare	fairly.	The	base	year	is	taken	as	2015	(Current	value)	for	the	study.		
2.1	
Present	Foot	Print	(m2/MLD)	Ex)			Facilities	+	pipe	laying	space	+	some	maintenance	space	as	per	engineer’s	estimation	
Land	acquisition	 is	one	of	 the	big	 concerns	 in	urbanization	progressing	India.	Existing	 facilities	area	 for	STP’s	are	measured	on	 the	 drawing.	 Vacant	 area,	 green	 area,	parking	area,	staff	accommodation	etc.	are	not	included.	
3.1	
BOD	Load	Removed	(%	Removal)	Ex)			 !"#$%&"' !"#(/!"#)!!""#$%&' !"#(!"# )!"#$%&"' !"#(!"# ) 	X	100	
Effluent	 water	 quality	 is	 very	 important	 to	verify	 the	 efficiency	 of	 each	 treatment	methods.	 However,	 each	 plant	 visited	 has	different	 load	 in	 each.	 Thus,	 it	 shall	 be	compared	 by	 the	 removed	 load.	 BOD	 is	selected	 as	 the	 parameter	 since	 this	 is	 the	criteria	for	discharge.	
3.2	
SS	Load	Removed	(%	Removal)	Ex)			!"#$%&"' !!(!"# )!!""#$%&' !!(/!"#)!"#$%&"' !! (!"!"#) 	X	100	
Effluent	 water	 quality	 is	 very	 important	 to	verify	 the	 efficiency	 of	 each	 treatment	methods.	 However,	 each	 plant	 visited	 has	different	 load	 in	 each.	 Thus,	 it	 shall	 be	compared	 by	 the	 removed	 load	 SS	 is	 selected	as	 the	 parameter	 since	 this	 is	 the	 criteria	 for	discharge.	
3.3	
T-N	Load	Removed	(%	Removal)	Ex)			!"#$%&"' !!! !"# !!""#$%&' !!!(/!"#)!"#$% !!!  (!"!"#) 	X	100	
Effluent	 water	 quality	 is	 very	 important	 to	verify	 the	 efficiency	 of	 each	 treatment	methods.	 However,	 each	 plant	 visited	 has	different	 load	 in	 each.	 Thus,	 it	 shall	 be	compared	by	the	removed	load	T-N	is	selected	as	 the	 parameter	 because	 this	 will	 affect	 to	eutrophication	and	water	reuse.	
3.4	
F-Coli.	Removed	(Log10	Removal)	Ex)			Log Influent F. coli MPN − Log(Effluent F. coli MPN 	
Effluent	 water	 quality	 is	 very	 important	 to	verify	 the	 efficiency	 of	 each	 treatment	methods.	 However,	 each	 plant	 visited	 has	different	 load	 in	 each.	 Thus,	 it	 shall	 be	compared	by	the	removed	load	Fecal	coliforms	are	selected	as	the	parameter	since	this	 is	 the	criteria	for	discharge	and	it	affects	waterborne	disease	directly.	
4.1	
Dry	Sludge	Quantity	(WS-ton/year/MLD)		=Quantity	E.g.	Water	contents	(%)	Excess	sludge:	99%,		Qe=100	WS-t	After	thickener:	95-98%,	Qt=20-50	WS-t	After	dewatering:75-82%,	Qd=4-6	WS-t	(=sludge	cake)	Drying	bed	sludge:	20	to	40%,	V=2	WS-t	*WS-t	:	Wet	Sludge-ton	
Sludge	 treatment	 is	 always	 headache	 of	sewage	 treatment	 process	 such	 as	 odour	control,	 thickener,	 dewatering,	 recycle	 flow	etc.	 	 All	 those	 factors	 can	 be	 represented	 by	sludge	quantity.	All	 the	 plant	 has	 different	 process	 and	situation	 for	 the	 sludge	 treatment.	 Therefore,	dry	 sludge	 (the	 final	 shape)	 for	disposal	 from	the	 site	 can	 be	 compared	 for	 this	 study	 even	the	water	contents	are	different	in	each	sites.	
4.2	
Chemical	Dose	(Type/Name)	=Quality											Ex)			Lime	Ca(OH)2:								low	risk	FeCl3:																medium	risk	Polymers(see	below):		high	risk	Al2(OH)nCl6-n=PAC,	 Al2(SO4)3•16H2O=Sulphuric	 Acid	 band,	Fe2(OH)n(SO4)	
India	is	agricultural	thriving	country	especially	in	Haryana	and	UP	states.		The	sludge	from	STP’s	are	expected	to	be	used	for	 fertilizer,	 however	 the	 sludge	 reuse	 is	difficult	when	 the	 chemicals	 are	 added	 in	 the	sludge	treatment	process.		This	 issue	 should	 be	 included	 in	 the	evaluation.	
5.1	
No.	of	Mechanical	Equipment	(No/MLD)	Ex)			EquipmentComplicitySimplicity↑	 If	 mechanical/electrical	 equipment	 numbers	are	 increased,	 maintenance	 items	 are	 also	increased	 i.e.	 oil	 and	 grease,	 spare	 parts	
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Appendix - 3 Flow measurement of all the surveyed STPs 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
10:00 12:00 14:00 16:00
Inlet
FPU	Outlet 48.11 53.96 55.08 54.72 52.97 51.28 17.09
Inlet
FPU	Outlet 47.75 49.98 49.49 51.16 49.60
27-Nov Inlet 4.944 4.752 4.872 4.92 4.85 4.96 1.65
28-Nov Inlet 5.064 5.28 4.992 4.968 5.08
Inlet 20.5 21.29 21.29 20.50 20.90 15.67 5.22
UASB	Outlet 18.83 20.31 19.98 19.08 19.55 14.65 4.88
CCT	Outlet 18.44 19.77 19.26 18.76 19.06 14.08 4.69
Inlet 11.03 11.03 10.24 9.45 10.44
UASB	Outlet 10.4 10.21 9.48 8.87 9.74
CCT	Outlet 9.66 9.54 8.93 8.28 9.10
Inlet 8.44 8.64 8.64 8.85 8.64 8.68 2.89
Outlet 7.68 7.77 7.56 8.03 7.76 7.83 2.61
Inlet 8.72 8.64 8.85 8.64 8.71
Outlet 7.97 7.73 8.08 7.79 7.89
Inlet 6.96 7.08 6.96 6.84 6.96 7.10 2.37
Outlet 6.60 6.72 6.58 6.48 6.60 6.78 2.26
Inlet 7.15 7.20 7.44 7.20 7.25
Outlet 6.96 6.96 7.08 6.84 6.96
Inlet 26.50 26.04 26.06 25.92 26.13 26.08 8.69
Outlet 25.08 24.91 24.72 25.08 24.95 24.92 8.31
Inlet 25.49 26.21 26.69 25.70 26.02
Outlet 24.67 25.13 25.15 24.65 24.90
Avg	Flow	of	
two	days	
measureme
nt(MLD)
18-Nov
Flow	for	
8	Hrs
5	MLD	Dhandupura	STP
STP Date Location
78	MLD	Dhandupura	STP
27-Nov
2.2	MGD	Vasant	Kunj	
Delhi	STP
28-Oct
29-Oct
24	MLD	Agra	STP
27-Nov
Average	Flow	
(MLD)
28-Nov
Time	&	Flow(MLD)
26-Nov
10	MLD	Bhiwani	Haryana	
STP
17-Nov
SBR	Haridwar	STP
23-Nov
24-Nov
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Appendix 4 - Operational units and their respective footprint calculation 
 
 
 
 
 
 
 
78	MLD	STP	at	Agra	
Sl.no. Details	of	Sizes Area	(sqm)
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5	MLD	STP	at	Agra	(DHS)	
Sl.no. Details	of	Sizes Area	(sqm)
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Appendix – 5 Power consumed by different units and their respective costs 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Nos	Duty Nos	S/B Nos	Total
Design	
Load	Kw
Measured	
Load	
Kw(Avg)
Duty	Hours	
per	day
Total	
Consumption	
KwH
Total	
Consumption	
KwH/Month
Unit	Rate	
Average	
unit	Rate
Cost/Month
Cost/Month	in	
Million
Screen	 2 0 2 2.2 2.09 20.00 83.6
Conveyor 1 0 1 2.2 1.58 10.00 15.8
Sludge	Pump 2 0 2 5.25 7.18 7.00 100.52
Filtrate	Pump 1 1 2 5.25 6.96 8.00 55.68
Total	Consumption	KW 256 	
 	 	 			 
Distributor 1 0 1 0.25 1.39 0.50 0.695
Compressor 1 0 1 0.75 2.3 0.50 1.15
Effluent	Pump 1 1 2 7.5 8.28 12.00 99.36
Total	Consumption	KW 118 	

 	 25,601                   
Screen	 1 0 1 2.2 2.15 20.00 43.00
Grit	Seperator	Scrapper 1 0 1 0.37 0.8 20.00 16.00
Grit	Classifier 1 0 1 0.37 1.82 20.00 36.40
Organic	Return	pump 1 0 1 0.37 0.77 20.00 15.40
Air	Blower 1 2 3 90 93.31 18.00 1679.58
Sludge	Return	Pump	 1 2 3 7.45 10.87 18.00 195.66
Clarifier	 2 0 2 0.37 0.78 20.00 31.20
Chlorine	booster	pump 1 1 2 3.7 6.06 12.00 72.72
Sludge		Pump	 1 1 2 4.47 10.92 5.00 54.60
Filtrate	Pump 1 1 2 2.23 4.21 5.00 21.05
Total	Consumption	KW 2166 
 	 471,484                 	
Screen	 1 0 1 2.25 2.25 20.00 45.00
Detritor	 2 0 2 3.375 1.1 20.00 44.00
Classifier	 2 0 2 3.375 2.58 20.00 103.20
Aerators 8 0 8 18.75 15.73 18.00 2265.12
Clarifier 1 0 1 0.75 1.49 20.00 29.80
Return	Sludge	Pump 1 3 4 7.50 11.93 18.00 214.74
Total	Consumption	KW 2702 

 7.2 588,234																	 


Air	Blower	 2 1 3 37.5 39.13 20 1565.20
Secondry	Clarifier	 1 0 1 0.37 1.1 20 22.00
Biological	Sludge	pumps 1 1 2 5.25 9.25 8 74.00
Sludge	Thickner	Pump 1 1 2 2.25 5.75 8 46.00
Sludge	Thickner	Scrapper 1 0 1 0.37 2.39 8 19.12
Total	Consumption	KW 1726 	
 13 375,845																	 	
Fine	Screen	 2 0 2 1.1 2.31 24.00 110.88
Belt	Conveyor 1 0 1 1.5 1.87 24.00 44.88
Grit	seperator	 2 0 2 1.5 2.21 24.00 106.08
Grit	Classifier	 2 0 2 1.1 1.94 24.00 93.12
ORP	 2 0 2 0.75 1.36 24.00 65.28
Primary	Clarifier	 2 0 2 1.5 2.41 24.00 115.68
RAS	Pump 1 3 4 5.5 15.05 11.25 169.31
SAS	Pump 1 3 4 3.7 7.45 2.25 16.76
Decantor 1 3 4 0.55 1.88 5.50 10.34
Treated	water	pump 1 1 2 45 59.91 24.00 1437.84
Chlorine	Booster	pump 1 1 2 5.5 6.39 15.00 95.85
Air	Blower	for	C-Tech	 2 4 6 75 70.05 20.00 2802.00
Total	Consumption	KW 5068 
Grit	seperator	scrapper  0 3 2.290  137.4
Grit	Classifier  0 3 2.100  126
Primary	Clarifier  2 5 4.610  276.6
Secondary	Clarifier	  5 3.480  139.2
Primary	Biofilter	Recirculation	pump	  6 198.780  7951.2
Secondry	Biofilter	recirculation	pump  3 209.500  8380
Primary	Sludge	pump  2 4 23.970  575.28
Secondary	Sludge	pump  1 3 36.460  875.04
Total	Consumption	KW 18460.72 553821.6 4.1 4,019,162														 
V.	Valley	STP	180	MLD
78	MLD	Dhandupura	STP
5	MLD	Dhandupura	STP
24	MLD	Agra	STP
24	MLD	Delhi	STP
10	MLD	Bhiwani	STP
SBR	Haridwar	STP
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Appendix- 6 Total cost associated during construction of DHS system 
 
 
 
 
Appendix-7 Weights attributes for AHP calculations and consistency Index calculation and 
AHP process explanation 
 
Explanation of AHP calculation 
Mathematical conditions on AHP structuring  
1) Completeness of parameter : a complete set of parameter should be assessed 
2) Independence of preference information : at the different levels of hierarchy 
3) Independence of parameter : should be disjunct, exclude each other 
4) Scale should be a relative scale : preferences measured on a common relative scale 
Pre-requisites 
The preferences of individuals should correspond to the following pre-requisites 
1. Reciprocity : If A is 3 times more important than B, then B is 1/3  as important as A 
2. Transitivity : If A>B and B>C then A>C 
3. Consistency : resulting from reciprocity and transitivity 
No. Items Price Rate Price Rate
75,061,000 100% 41,418,000 100%
1 Earthwork (Excavation, Backfilling and Excess Soil move and level) 280,600 0.4% 616,587 1.5%
2 Concrete Work (Including form work, reinforcement etc.) 9,345,500 12.5% 11,430,772 27.6%
3 Connection of Existing UASB Channel and Inlet Pipe 4,099,700 5.5% 2,778,647 6.7%
4 Flow Control Unit (FCU) 7,795,942 10.4% 2,134,463 5.2%
5 DHS Reactor 31,754,206 42.3% 8,981,702 21.7%
6 Pump Sump and Outlet Pipe 8,677,779 11.6% 3,675,840 8.9%
7 Control Panel and Measurement Equipment 4,144,920 5.5% 3,017,214 7.3%
8 Control Room 432,300 0.6% 7,702,000 18.6%
9 Site survey (as required) 450,000 0.6% 80,000 0.2%
10 Others (Turf, Trans Plantation, reinstatement, foot path etc.) 1,380,000 1.8% 265,000 0.6%
11 Testing and Commissioning 3,500,000 4.7% 685,000 1.7%
12 Utility for the Construction, Testing and Commissioning 3,200,000 4.3% 51,203 0.1%
JICA THERMAX
Grand-total (without Tax)
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Weighted evaluation by Analytic Hierarchy Process (AHP) 
Each wastewater treatment technology has advantages and disadvantages. In order to select 
an appropriate treatment technology for a particular STP, weighed evaluation process is very 
important. 
Analytic Hierarchy Process  
Questionnaire prepared by the consultants, aims for quantitative weighted analysis on 
selected parameters (6 parameters) as policy issues by AHP (Analytic Hierarchy Process) 
method. AHP method helps to quantify the human’s subjective evaluation based on the 
viewpoint of that “Weighted analysis for multiple items is difficult, while it is easy to 
evaluate the degree of the importance for each items in case of comparison with two (2) 
items, one by one.” For example: 
i. How important is “Capital Cost” vs. “Area”? Please check the below number as the 
degree of importance.  
 
AHP Result by various Stakeholders 
 
Parameters Cost Sludge Area Simplicity Quality O&M Cost  Weight Geomean 
Capital Cost 1     7     4     1      1/7  1/6  0.102  0.9347 
Sludge  1/7 1      1/2  1/7  1/7  1/8  0.026  0.2381 
Area  1/4 2     1      1/6  1/8  1/7  0.037  0.3379 
Simplicity 1     7     6     1      1/2 1      0.181  1.661 
Quality  
(Performance) 7     7     8     2     1     5      0.434  3.9708 
O&M Cost 6     8     7     1      1/5 1      0.220  2.0163 
 
      Total 1.000  9.1588 
C.I.Judge 0.145 O.K. 
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The weighted attribute analysis has been done after filling AHP questionnaires form 
from various Stakeholders. Reference Appendix -I  
(AHP Questionnaires form from different stakeholders such as UPJN, DJB, UKPJN, 
BWSSB). In this report, Technology Comparison Chart and Attributes Analysis has been 
done on the basis of AHP questionnaires form filled by various Stakeholders and weight 
coefficient calculated from AHP questionnaires form.  
 
Explanation of C. I. Judge (Consistency Index):  
If the value of Consistency Index is less than 0.15, the CI is acceptable. If the Consistency 
Index is greater than 0.15, we need to revise the subjective judgment. 
 𝐶𝐼 = λmax− nn− 1  
Here, n= size of comparison matrix λmax = Principal Eigen value (Principal Eigen value is obtained from the summation of 
products between each element of Eigen vector and the sum of columns of the comparison 
matrix. 
 
Priority Vectors (How to compute Eigen Value and Eigen vector?) 
Having a comparison matrix, now we would like to compute priority vector, which is the 
normalized Eigen vector of the matrix. The method explained in this section is only an 
approximation of Eigen vector (and Eigen value) of a comparison matrix. Nevertheless it is 
easy to compute because all we need to do is just to normalize each column of the matrix.  
Suppose we have 3 by 3 reciprocal matrix from paired comparison  
 
We sum each column of the reciprocal matrix to get  
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Then we divide each element of the matrix with the sum of its column, we have normalized 
relative weight. The sum of each column is 1.  
 
The normalized principal Eigen vector can be obtained by averaging across the rows  
 
The normalized principal Eigen vector is also called priority vector. Since it is normalized, 
the sum of all elements in priority vector is 1. The priority vector shows relative weights 
among the things that we compare. 
 
 
Explanation of C. I. Judge (Consistency Index):  
If the value of Consistency Index is less than 0.15, the CI is acceptable. If the Consistency 
Index is greater than 0.15, we need to revise the subjective judgment. 
 𝐶𝐼 = λmax− nn− 1  
Here, n= size of comparison matrix 
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CI index check for this study 
 
 
 
 
 
 
 
 
Parameters Capital cost Sludge Area Simplicity Quality O&M Total TotalWeight
Capital Cost 0.102 0.182 0.148 0.181 0.062 0.036667 0.712 6.98
Sludge 0.014571 0.026 0.0185 0.025857 0.062 0.0275 0.174 6.692
Area 0.0255 0.052 0.037 0.030167 0.05425 0.031429 0.230 6.216
Simplicity 0.102 0.182 0.222 0.181 0.217 0.22 1.124 6.21
Quality(Performance) 0.714 0.182 0.296 0.362 0.434 1.1 3.088 7.115
O&M Cost 0.612 0.208 0.259 0.181 0.0868 0.22 1.567 7.123
λmax 6.723
n 6 ←  < 0.15  O.K.
CI 0.145
